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Description
TECHNICAL FIELD
[0001] The present invention relates to a microscope device and a data generation method.
TECHNICAL BACKGROUND

[0002] Inrecentyears, amethod has been devised which acquires a three-dimensional refractive index distributionon a
sample such as a phase object (see Patent Literature 1, for example).

PRIOR ARTS LIST

PATENT DOCUMENT

[0003] Patent literature 1: International Publication No. WO 2020-161826 Pamphlet
SUMMARY OF THE INVENTION

[0004] A microscope device according to the present invention comprises: a first microscope part that irradiates a
sample with a first illumination light toward a first direction and detects light from the sample in response to the irradiation
with the firstillumination light; a second microscope part thatirradiates the sample with a second illumination light toward a
second direction and detects light from the sample in response to the irradiation with the second illumination light, the
second direction being different from the first direction; and a data processing part that generates a three-dimensional
refractive index distribution on the sample based on a detection signal for the light detected by the first microscope partand
a detection signal for the light detected by the second microscope part.

[0005] A data generation method according to the present invention comprises the steps of: irradiating a sample with a
firstillumination light toward a first direction and detecting light from the sample in response to the irradiation with the first
illumination light; irradiating the sample with a second illumination light toward a second direction and detecting light from
the sample in response to the irradiation with the second illumination light, the second direction being different from the first
direction; and generating a three-dimensional refractive index distribution on the sample based on a detection signal for
light from the sample in response to the irradiation with the first illumination light and a detection signal for light from the
sample in response to the irradiation with the second illumination light.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]

FIG. 1 is a schematic view of a microscope device according to a first embodiment;

FIG. 2 is a schematic configuration diagram showing the microscope device according to the first embodiment;
FIG. 3 is an enlarged view of a stage according to the first embodiment;

FIG. 4 is a graph showing a distribution of light transmittance of a modulation element;

FIG. 5is a schematic view showing a method by which deconvolution is performed based on image data on a plurality
of cross-sectional surfaces of a sample;

FIG. 6 is a diagram showing an image of a sample through bright-field observation, which is generated by a
conventional method;

FIG. 7 is a diagram showing an image of a refractive index distribution of a sample, which is generated by a
conventional method;

FIG. 8 is a diagram showing a distribution of POTF in the past;

FIG. 9is a diagram showing a distribution of a spectrum complemented by estimating a missing cone region of POTF
in the past;

FIG. 10 is a diagram showing an image of a sample through bright-field observation;

FIG. 11 is a diagram showing an image of a refractive index distribution of a sample;

FIG. 12 is a diagram showing a distribution of POTF;

FIG. 13 is adiagram showing a distribution of a spectrum POTF complemented by estimating a missing cone region of
POTF;

FIG. 14 is a flowchart illustrating a data generation method according to a first embodiment;

FIG. 15 is a schematic configuration diagram showing a variation example of the microscope device according to the
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first embodiment;

FIG. 16 is a schematic configuration diagram showing the microscope device according to a second embodiment;
FIG. 17 is an enlarged view of a stage according to the second embodiment;

FIG. 18 is a schematic configuration diagram showing a variation example of the microscope device according to the
second embodiment;

FIG. 19 is a schematic configuration diagram showing the microscope device according to a third embodiment;
FIG. 20 is an enlarged view of a stage according to the third embodiment;

FIG. 21 is a schematic configuration diagram showing a variation example of the microscope device according to the
third embodiment;

FIG. 22 is a schematic view of a microscope device according to a fourth embodiment;

FIG. 23 is a schematic configuration diagram showing the microscope device according to the fourth embodiment;
FIG. 24 is an enlarged view of a stage according to the fourth embodiment;

FIG. 25 is a schematic view of a microscope device according to a fifth embodiment;

FIG. 26 is a schematic view of a microscope device according to a sixth embodiment; and

FIG. 27 is a schematic configuration diagram showing a first microscope part according to a variation example.

DESCRIPTION OF THE EMBODIMENTS

[0007] A microscope device according to each of embodiments is described below. For easy understanding of features,
the figures to be referred for the following description may include enlarged views of components for convenience, and the
ratios of dimensions of each of the components, or the like are not limited to be equal to the actual dimensions thereof.

<First Embodiment>

[0008] Firstofall, withreference to FIGS. 1 and 2, amicroscope device 1 according to a firstembodimentis described. As
shown in FIGS. 1 and 2, the microscope device 1 according to the first embodiment has a first microscope part 10 and a
second microscope part 50. The microscope device 1 further has a stage 2, a control part 90, and an image processing part
91, as shown in FIG. 2. The stage 2 supports a sample SA; The sample SAis a phase object such as a cell, forexample. A
stage drive part (not shown) is provided in the stage 2. The stage drive part causes the stage 2 to move along an optical axis
AX1 of the first microscope part 10.

[0009] As shown in FIG. 2, it is assumed that the coordinate axis extending in the optical axis direction (top-bottom
direction) of the first microscope part 10 is a z axis, and coordinate axes perpendicular to the z axis are an x axisand a y
axis. By moving the stage 2 in the z direction by the stage drive part, image data of a cross-sectional surface of the sample
SA at a predetermined position Z,, a position Z,+Az away from the position Z, by +Az, a position Z;-Az away from the
position Z, by -Az, a position Zy+2Az away from the position Z, by +2Az, a position Zy-2Az away from the position Z, by
-2Az ... can be acquired as shown in FIG. 3.

[0010] The first microscope part 10 has, as shown in FIGS. 1 and 2, a first light source 11, a first illumination optical
system 20, a first detection optical system 30, and afirst detector 40. The firstlight source 11 is formed by using a white light
source such as ahalogen lamp or alight emitting diode (LED). Alternatively, the firstlight source 11 may be formed by using
a near-infrared light source such as a halogen lamp or an LED. The first light source 11 generates illumination light
(hereinafter, called "a first illumination light ") having a predetermined wavelength band.

[0011] The first illumination optical system 20 directs a first illumination light L1 emitted from the first light source 11
toward the -z direction (first direction) and irradiates the sample SA. The first illumination optical system 20, has, in order
from the firstlight source 11 side, a collector lens 21, an aperture stop 23, arelay lens 24, a first modulation element 25, an
aperture stop 26, and a condenser lens 27, as shown in FIG. 2. In a case where a white light source is used as the first light
source 11, it is preferable that an element that narrows the wavelength band of the first illumination light is provided. For
example, a band pass filter 22 having a predetermined spectral transmittance characteristic may be introduced to an
optical path between the collector lens 21 and the aperture stop 23 in the first illumination optical system 20 so that the
wavelength band of the firstillumination light can be narrowed. The narrowed wavelength band of the first illumination light
can increase the accuracy of calculated values such as a POTF the details of which are described below. The spectral
transmittance characteristic of the band pass filter 22 is set based on the wavelength band of illumination light depending
on the application of observation such as bright-field observation. It should be noted that the band pass filter 22 may be
introduced to an optical path between the aperture stop 23 and the relay lens 24 in the first illumination optical system 20.
[0012] The first modulation element 25 and the aperture stop 26 are arranged on a surface perpendicular to the optical
axis AX1 of the first microscope part 10 (firstillumination optical system 20) at a position P1 of a pupil (which may be called
"illumination pupil" hereinafter) between the relay lens 24 and the condenser lens 27 in the first illumination optical system
20. The first modulation element 25 is arranged neighboring to the aperture stop 26 (above the aperture stop 26 as shown
in FIG. 2 by way of example) . The surface perpendicular to the optical axis AX1 of the first microscope part 10 at the
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position P1 of the illumination pupil is called a "surface of the illumination pupil". As an example, the first modulation
element 25 is a plate having light permeability wherein the light transmittance changes within a surface of the plate. This
plate is formed by, for example, evaporating, to a parallel plate such as a glass substrate, a (light-shielding) film that allows
the light transmittance to be reduced. As an example, a metallic film may be evaporated. For example, by changing the film
thickness depending on the region of the parallel plate to which the film is to be evaporated, the light transmittance can be
changed depending on the region of the parallel plate (as the film thickness increases, the transmittance decreases). By
arranging this first modulation element 25 on the surface of the illumination pupil, the light transmittance can be changed
within the surface of the illumination pupil. Thus, it can be said that the light transmittance in the first modulation element 25
changes within the surface of the illumination pupil. The light transmittance of the first modulation element 25 changes
continuously (or discretely) within the surface of the illumination pupil.

[0013] Itshould be noted that the distribution of the light transmittance of the first modulation element 25 (in other words,
the distribution of the light transmittance on the surface of the illumination pupil) depends on the change in light
transmittance depending on the region of the first modulation element 25. As the first modulation element 25, any one
of a plurality of the first modulation elements 25 having different changes in light transmittance, that is, different
distributions of light transmittance may be selected and be arranged at the position P1 of the illumination pupil. Details
of the light transmittance of the first modulation element 25 are described below. It should be noted that the position where
the first modulation element 25 is placed is not limited to the position P1 on the illumination pupil. For example, the first
modulation element 25 may be arranged on a surface perpendicular to the optical axis AX1 at a conjugated position to the
illumination pupil (in other words, the conjugated surface to the illumination pupil). Also, the first light source 11 is arranged
at a conjugated position to the illumination pupil.

[0014] The condenserlens 27 is arranged facing to an upper side of the stage 2. As the condenser lens 27, any one of a
plurality of the condenser lenses 27 having different optical properties may be selected and be arranged above the stage 2.
[0015] The first detection optical system 30 receives light from the sample SA in response to the irradiation with the first
illumination light L1 from the opposite side of the firstillumination optical system 20 across the sample SA. As shownin FIG.
2, the first detection optical system 30 has, in order from the sample SA side, an objective lens unit 31, an image-forming
lens 36, and a mirror 37. The objective lens unit 31 has a plurality of first objective lenses 32, alens holding part 33, and a
unitdrive part 34. The first objective lens 32 is arranged facing to a lower side of the stage 2. The lens holding part 33 holds
the plurality of first objective lenses 32 having different focal lengths. The lens holding part 33 is formed by using arevolver,
turret or the like, for example. The unit drive part 34 may drive the lens holding part 33 and select any one of the plurality of
first objective lenses 32 and place it under the stage 2. It should be noted that the unit drive part 34 may move the lens
holding part 33 along the z axis. In this case, the aforementioned stage drive part may be additionally used, or no stage
drive may be used.

[0016] Lightfrom the sample SAin response to the irradiation with the firstillumination light enters the first objective lens
32 placed under the stage 2. The light having transmitted through the first objective lens 32 enters the image-forming lens
36. The light having transmitted through the image-forming lens 36 is reflected by the mirror 37 and forms an image on a
predetermined image surface |. Here, the position of the predetermined image surface | is a conjugated position to the focal
position of the first objective lens 32 in the sample SA. It should be noted that a half mirror may be provided instead of the
mirror 37, and an observation optical system (not shown) may be provided which has an eye-piece (not shown) on an
optical path of light transmitting through the half mirror. Thus, the observer can observe an image of the sample SA by
employing the eye-piece.

[0017] Afirstdetector40isarranged onthe image surface | of the first detection optical system 30. The first detector 40 is
formed by using an imaging device such as a charge coupled device (CCD), a complementary metal oxide semiconductor
(CMOS). The first detector 40 detects light from the sample SA through the first detection optical system 30.

[0018] The second microscope part 50 has, as shown in FIGS. 1 and 2, a light source unit 51, a second illumination
optical system 70, a second detection optical system 75, and a second detector 80. The light source unit 51 is also called a
"beam steering unit". The light source unit51 has, as shownin FIG. 2, a second light source 52, afirstlens 53, afirstgalvano
mirror 54, a second lens 55, a third lens 56, a second galvano mirror 57, a liquid lens 59, a fourth lens 60, and a fifth lens 61.
Thelight source unit 51 further has a detachable cylindrical lens (not shown) on an optical path between the firstlens 53 and
the first galvano mirror 54.

[0019] The second light source 52 is formed by using a laser light source. The second light source 52 generates
illumination light (hereinafter, called "a second illumination light") having a predetermined wavelength band. The firstlens
53 causes the second illumination light emitted from the second light source 52 to be parallel. The first galvano mirror 54
reflects the second illumination light from the first lens 53 toward the second lens 55. The first galvano mirror 54 may
change the orientation of the reflective surface so that the direction of travel of the second illumination light can be changed.
The first galvano mirror 54 may change the direction of travel of the second illumination light so that the light-gathering
position for the second illumination light on the sample SA can be changed to the y direction. The second lens 55 and the
third lens 56 cause the second illumination light reflected by the first galvano mirror 54 to enter the second galvano mirror
57. It should be noted that, in a case where the first galvano mirror 54 and the second galvano mirror 57 are arranged at
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conjugated positions to the pupil, the second lens 55 and the third lens 56 may not be provided.

[0020] The second galvano mirror 57 reflects the second illumination light from the third lens 56 toward the liquid lens 59.
The second galvano mirror 57 may change the orientation of the reflective surface so that the direction of progression of the
second illumination light can be changed. The second galvano mirror 57 changes the direction of travel of the second
illumination light so that the light-gathering position for the second illumination light on the sample SA is changed to the z
direction.

[0021] The liquid lens 59 may change the radius of curvature of the lens surface so that the focal length of the liquid lens
59 canbe changed. When the liquid lens 59 changes the focal length of the liquid lens 59, the light-gathering position for the
second illumination light on the sample SA can be changed to the x direction. The fourth lens 60 and the fifth lens 61 cause
the second illumination light having transmitted through the liquid lens 59 to enter the second illumination optical system
70. By changing the light-gathering position for the second illumination light on sample SA with the first galvano mirror 54,
the second galvano mirror 57 and the liquid lens 59 in the three-dimensional directions (three directions of the x direction, y
direction, and the z direction), the sample SA can be three-dimensionally scanned.

[0022] Itshould be noted that, from deconvolution viewpoint, the irradiation range of the first illumination light by the first
illumination optical system 20 (three-dimensional observation range on the sample SA) and the irradiation range of the
second illumination light by the second illumination optical system 70 (three-dimensional observation range on the sample
SA) are preferably adjusted in advance so as to be matched. The adjustment for matching the irradiation ranges of the first
illumination light and second illumination light (observation range) may be achieved by, for example, controlling the
oscillation angle of at least one of first galvano mirror 54 and second galvano mirror 57 in the light source unit 51.
Alternatively, a common irradiation range (observation range) between the first illumination light and the second
illumination light may be identified so that image construction can be achieved with three-dimensional scanning on
the sample SA, without performing the adjustment for matching the irradiation ranges of the first illumination light and the
second illumination light (observation range).

[0023] The second illumination optical system 70 directs a second illumination light L2 emitted from the light source unit
51 (second light source 52) toward the +x direction (the second direction orthogonal to the first direction) and gathers light
to andirradiates the sample SA. It should be noted that, in FIGS. 2, 15, 16, 18, 19and 21, the second illumination light L2 is
represented by a broken line for easy distinction from the firstillumination light L1. The second illumination optical system
70 has an illumination second objective lens 71 as shown in FIGS. 2 and 3. The illumination second objective lens 71 is
arranged facing to a left side of the sample SA. The illumination second objective lens 71 gathers the second illumination
light L2 emitted from the light source unit 51 (second light source 52) to the sample SA. An optical axis AX2 between the
second illumination optical system 70 and the second detection optical system 75 in the second microscope part 50 is
orthogonal to an optical axis AX1 between the firstillumination optical system 20 and the first detection optical system 30in
the first microscope part 10.

[0024] The second detection optical system 75 receives light from the sample SA in response to the irradiation with the
second illumination light from the opposite side of the second illumination optical system 70 across the sample SA. The
second detection optical system 75 has a detection second objective lens 76 and a second modulation element 77 in order
from the sample SA side, as shown in FIGS. 2 and 3. The detection second objective lens 76 is provided on the opposite
side of the illumination second objective lens 71 across the sample SA. Light from the sample SA in response to the
irradiation with the second illumination light enters the detection second objective lens 76. It should be noted that the
illumination second objective lens 71 and the detection second objective lens 76 may have an equal and high numerical
aperture (NA) .

[0025] The second modulation element 77 is arranged on a surface perpendicular to the optical axis AX2 of the second
microscope part 50 (second detection optical system 75) at a conjugated position P2 to a pupil of the detection second
objective lens 76 (which may be called "detection pupil” hereinafter) in the second detection optical system 75. The surface
perpendicular to the optical axis AX2 of the second microscope part 50 at the conjugated position P2 to the detection pupil
is called a "conjugated surface to the detection pupil". The second modulation element 77 is formed by, as an example,
evaporating, to a parallel plate such as a glass substrate, a film that allows the light transmittance to be reduced. By
arranging this second modulation element 77 on the conjugated surface to the detection pupil, the light transmittance can
be changed within the conjugated surface to the detection pupil. Thus, it can be said that the light transmittance in the
second modulation element 77 changes within the conjugated surface to the detection pupil. The light transmittance of the
second modulation element 77 changes continuously (or discretely) within the conjugated surface to the detection pupil.
As the second modulation element 77, any one of a plurality of the second modulation elements 77 having different
distributions of light transmittance may be selected and be arranged at the conjugated position P2 to the detection pupil.
Details of the light transmittance of the second modulation element 77 are described below. It should be noted that the
position where the second modulation element 77 is placed is not limited to the conjugated position P2 to the detection
pupil. For example, the second modulation element 77 may be arranged on a surface perpendicular to the optical axis AX2
at a position of the detection pupil (in other words, the surface of the detection pupil). In this case, for example, the second
modulation element 77 may be internally contained in the detection second objective lens 76.
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[0026] The second detector 80 is arranged neighboring to the second modulation element 77 at the conjugated position
P2 to the detection pupil in the second detection optical system 75. The second detector 80 is formed by using a
photomultiplier tube (PMT), non-descanned detection (NDD) or the like. The second detector 80 detects light from the
sample SA through the second detection optical system 75.

[0027] Examples of the changes in light transmittances within the surface of the pupil (in other words, the distribution of
light transmittance within the surface of the pupil) of the first modulation element 25 and the second modulation element 77
are described. FIG. 4 is a graph showing an example of the distribution of light transmittances of the first modulation
element 25 and the second modulation element 77. Referring to FIG. 4, Xis a coordinate in the x direction originating from a
coordinate position where the optical axis (the optical axis AX1 of the first microscope part 10 or optical axis AX2 of the
second microscope part 50) passes, and Y is a coordinate in the Y direction originating from a coordinate position where
the optical axis passes.

[0028] In the example shown in FIG. 4, the light transmittance of the first modulation element 25 or the second
modulation element 77 changes along one direction in accordance with a continuous function. More specifically, the light
transmittance of the first modulation element 25 or second modulation element 77 decreases monotonously in accordance
with a sine function in the X direction (for example, -X direction) (the part where the light transmittances are equal is
distributed in a linear shape extending toward the Y direction). In other words, the light transmittance of the first modulation
element 25 or the second modulation element 77 changes in accordance with a sine function. It should be noted that it can
be said that the light transmittance of the first modulation element 25 or the second modulation element 77 increases
monotonously in accordance with a sine function in the X direction (+X direction, for example) within a surface of the pupil or
it can be said that it decreases or increases monotonously in the X direction.

[0029] More specifically, the light transmittance of the first modulation element 25 or second modulation element 77
decreases or increases monotonously in accordance with a sine function in the Y direction (the part where the light
transmittances are equal is distributed in a linear shape extending toward the X direction). Alternatively, the light
transmittance of the first modulation element 25 or second modulation element 77 may decrease or increase mono-
tonously in accordance with a sine function in an arbitrary direction in the XY coordinate system, without limiting to the X
direction and Y direction (the part where the light transmittances are equal may be distributed in a linear shape extending
toward a direction perpendicular to the arbitrary direction in the XY coordinate system).

[0030] Inthe example shown in FIG. 4, the light transmittance of the first modulation element 25 or second modulation
element 77 may decrease monotonously in accordance with a linear function in the X direction (for example, -X direction).
In other words, the light transmittance of the first modulation element 25 or second modulation element 77 changes in
accordance with a linear function without limiting to a sine function.

[0031] Inthe example shown in FIG. 4, the aforementioned continuous function may be any one of a linear function, a
quadratic function, a Gaussian function, a sine function, and a cosine function. It should be noted that the aforementioned
continuous function may be another function such as a cubic function, without limiting to a linear function, a quadratic
function, a Gaussian function, a sine function, and a cosine function. Alternatively, the range in which the light
transmittance changes in the first modulation element 25 or the second modulation element 77 may be set in accordance
with the size (diameter) of a pupil (illumination pupil or detection pupil). For example, in the case shown in FIG. 4, the first
modulation element 25 or the second modulation element 77 is formed such that the range in which the light transmittance
is equal to zero matches the outer circumference part of the pupil (illumination pupil or detection pupil).

[0032] It should be noted that, in a case where the light transmittance of the first modulation element 25 or second
modulation element 77 changes in accordance with a cosine function or a sine function, the change desirably follows a
cosine function or a sine function in a range smaller than one period within a surface of the pupil (illumination pupil or
detection pupil). This is because the POTF value also behaves periodically in a range greater than one period, which is not
preferable from viewpoint of performing deconvolution. In this case, since a plurality of frequencies exist with their POTF
values equal to zero and the large noise occurs in the course of deconvolution, the accuracy of the resulting refractive index
distribution of the sample SA decreases. Also, in a case where the light transmittance of the first modulation element 25 or
second modulation element 77 changes in accordance with a cosine function, itis devised such that the light transmittance
can be equal to zero (the value of the cosine function | equal to zero) in an outer circumference part of the pupil (illumination
pupil or detection pupil), which considers the fact that the discontinuity of the light transmittance in the outer circumference
of the pupil causes an artifact such as ringing on an image.

[0033] Although, inthe example shownin FIG. 4, the light transmittance of the first modulation element 25 or the second
modulation element 77 changes along one direction within a surface of the pupil or within a conjugated surface to the pupil
in accordance with the continuous function and is equal to zero in a part of an outer circumference within the surface of the
pupil or within the conjugated surface to the pupil, the present invention is not limited thereto. For example, the light
transmittance of the first modulation element 25 or the second modulation element 77 may change as the distance from the
optical axis increases within a surface of the pupil or within a conjugated surface to the pupil in accordance with the
continuous function and may be equal to zero in the entire outer circumference within the surface of the pupil or within the
conjugated surface to the pupil.



10

15

20

25

30

35

40

45

50

55

EP 4 546 028 A1

[0034] Accordingto this embodiment, when bright-field observation is performed on the sample SA, the firstillumination
light L1 emitted from the firstlight source 11 in the first microscope part 10 enters the collector lens 21 in the firstillumination
optical system 20. The first illumination light L1 having transmitted through the collector lens 21 becomes parallel light,
which then passes through the aperture stop 23 (band pass filter 22 and aperture stop 23 when a white light source is used
as the first light source 11) and enters the relay lens 24. The first illumination light L1 having transmitted through the relay
lens 24 passes through the first modulation element 25 and the aperture stop 26 and enters the condenser lens 27. The first
illumination light L1 having transmitted through the condenserlens 27 becomes parallel light and is irradiated to the sample
SAonthe stage 2. Thus, the firstillumination optical system 20 directs a firstillumination light L1 emitted from the first light
source 11 toward the -z direction (first direction) and irradiates the sample SA.

[0035] The light (hereinafter, which may be called "first detection light") having transmitted through the sample SA from
the firstillumination optical system 20 side enters the first objective lens 32 in the first detection optical system 30. The first
detection light having transmitted through the first objective lens 32 enters the image-forming lens 36. The first detection
light having transmitted through the image-forming lens 36 is reflected by the mirror 37 and forms an image on a
predetermined image surface | where the first detector 40 is placed. The first detector 40 detects the light (first detection
light) from the sample SA through the first detection optical system 30 and outputs a detection signal for the light. The
detection signal for the light (first detection light) output from the first detector 40 is sent to the image processing part 91
through the control part 90. It should be noted that the first detector 40 captures an image of the sample SA through the
detection optical system 40 in other words. Here, the detection signal is a signal indicative of a signal intensity detected by
the first detector 40 or the second detector 80 in accordance with the intensity of light (detection light). For example, in a
case where the first detector 40 is formed by employing a CCD, itis a signal in each pixel of the CCD. It should be noted that
the detection signal of the first detector 40 is a signal indicative of a signal intensity detected by the first detector 40 in
accordance with the intensity of the image of the sample SA in other words.

[0036] Itshould be noted that, in a case where bright-field observation is performed on the sample SA, a cylindrical lens
(notshown) of the light source unit 51 in the second microscope part 50 is evacuated from the optical path between the first
lens 53 in the light source unit 51 and the first galvano mirror 54. The second illumination light emitted from the second light
source 52 in the light source unit 51 enters the firstlens 53. The second illumination light having transmitted through the first
lens 53 becomes parallel light and is reflected by the first galvano mirror 54. The second illumination light reflected by the
first galvano mirror 54 transmits through the second lens 55 and the third lens 56 and is reflected by the second galvano
mirror 57. The second illumination light reflected by the second galvano mirror 57 enters the liquid lens 59. The second
illumination light having transmitted through the liquid lens 59 transmits through the fourth lens 60 and the fifth lens 61 and
is emitted to an outside of the light source unit 51. Thus, the light source unit 51 emits the second illumination light.
[0037] The second illumination light L2 emitted from the light source unit 51 (second light source 52) enters the
illumination second objective lens 71 in the second illumination optical system 70. The second illumination light L2 having
transmitted through the illumination second objective lens 71 is gathered and is irradiated to the sample SA on the stage 2.
Thus, the second illumination optical system 70 directs a second illumination light L2 emitted from the light source unit 51
(second light source 52) toward the +x direction (the second direction orthogonal to the first direction) and gathers light to
and irradiates the sample SA.

[0038] The light (hereinafter, which may be called "second detection light") having transmitted through the sample SA
from the second illumination optical system 70 side enters the detection second objective lens 76 in the second detection
optical system 75. The second detection light having transmitted through the detection second objective lens 76 enters the
second detector 80 through the second modulation element 77. The second detector 80 detects the light (second detection
light) from the sample SA through the second detection optical system 75 and outputs a detection signal for the light. The
detection signal for the light (second detection light) output from the second detector 80 is sent to the image processing part
91 through the control part 90.

[0039] Also, the microscope device 1 can be used as selective plane surface illumination microscope (SPIM) to perform
fluorescence observation on the sample SA. In a case where fluorescence observation is performed on the sample SA, a
cylindrical lens (not shown) of the light source unit 51 in the second microscope part 50 is inserted in the optical path
between the first lens 53 in the light source unit 51 and the first galvano mirror 54.

[0040] In a case where fluorescence observation is performed on the sample SA, the excitation ray emitted from the
second light source 52 in the light source unit 51 enters the first lens 53. The excited ray having transmitted through the first
lens 53 transmits through the cylindrical lens (not shown) and is reflected by the first galvano mirror 54. The excited ray
reflected by the first galvano mirror 54 transmits through the second lens 55 and the third lens 56 and is reflected by the
second galvano mirror 57. The excited ray reflected by the second galvano mirror 57 enters the liquid lens 59. The excited
ray having transmitted through the liquid lens 59 transmits through the fourth lens 60 and the fifth lens 61 and is emitted to
an outside of the light source unit 51. Thus, the light source unit 51 emits the excited ray that is sheet light.

[0041] The excited ray emitted from the light source unit 51 (second light source 52) enters the illumination second
objective lens 71 in the second illumination optical system 70. The excited ray having transmitted through the illumination
second objectivelens 71 is gathered and isirradiated to the sample SA on the stage 2. Thus, the second illumination optical



10

15

20

25

30

35

40

45

50

55

EP 4 546 028 A1

system 70 irradiates the sample SA with the excited ray being sheet light emitted from the light source unit 51 (second light
source 52).

[0042] With the irradiation with the excited ray, a fluorescent material contained in the sample SA is excited, and
fluorescence exits. The fluorescence from the sample SA enters the first objective lens 32 of the first detection optical
system 30 in the first microscope part 10. The fluorescence having transmitted through the first objective lens 32 enters the
image-forming lens 36. The fluorescence having transmitted through the image-forming lens 36 is reflected by the mirror
37 and forms an image on a predetermined image surface | where the first detector 40 is placed. The first detector 40
detects the fluorescence from the sample SA through the first detection optical system 30 and outputs a detection signal for
the fluorescence. The detection signal for the fluorescence output from the first detector 40 is sent to the image processing
part 91 through the control part 90.

[0043] The control part 90 performs general control over the microscope device 1. The control part 90 is electrically
connected to the stage drive part (not shown), the unitdrive part 34, the first detector 40, the light source unit 51, the second
detector 80, the image processing part 91, an operation input part (not shown), an image display part (not shown) and the
like.

[0044] Inacase where bright-field observation is performed on the sample SA, the image processing part 91 generates
data on a refractive index regarding the sample SA based on the detection signal for the light (first detection light) output
from the first detector 40 and the detection signal for the light (second detection light) output from the second detector 80.
Here, the data on a refractive index regarding the sample SA is data indicative of a refractive index of the sample SA, and
may be data on arefractive index at each position on the sample SA, that is, data indicative of a refractive index distribution
onthe sample SA, for example. Also, the data on a refractive index regarding the sample SA is stored in a storage part (not
shown) as alook-up table, forexample. Also, the image processing part 91 generates image data with aluminance value of
each pixel set in accordance with the value of a refractive index at each position of a refractive index distribution on the
sample SA (which may be called "image data on a refractive index distribution of the sample SA, hereinafter). Also, the
image processing part 91 generates image data with a luminance value of each pixel set in accordance with the value of a
signalintensity of a detection signal at each position (each pixel of the first detector 40) (which may be called "image dataon
the sample SA by bright-field observation, hereinafter) based on the detection signal for the light (first detection light)output
from the first detector 40 and the detection signal for the light (second detection light) output from the second detector 80.
[0045] It should be noted that, in a case where fluorescence observation is performed on the sample SA, the image
processing part 91 generates image data with a luminance value of each pixel setin accordance with the value of a signal
intensity of a detection signal at each position on the sample SA (which may be called "image data on the sample SA by
fluorescence observation, hereinafter) based on the detection signal for the fluorescence output from the first detector 40.
[0046] Thus, based on the image data on the refractive index distribution of the sample SA generated by the image
processing part 91, an image of the refractive index distribution on the sample SA can be displayed on an image display
part (not shown). Also, based on the image data on the sample SA by bright-field observation generated by the image
processing part 91, an image of the sample SA by the bright-field observation can be displayed on the image display part.
Based on the image data on the sample SA by fluorescence observation generated by the image processing part 91, an
image of the sample SA by the fluorescence observation can be displayed.

[0047] Next, a publicly known method is described by which a three-dimensional refractive index distribution on the
sample SA is acquired by the image processing part 91 as data on a refractive index regarding the sample SA. As a
representative example for acquiring a three-dimensional refractive index distribution on the sample SA, there is a method
by means of a theory called partially coherent-optical diffraction tomography (PC-ODT). The theory of PC-ODT is briefly
described below. From the partly coherent imaging formation equation, an intensity I(x, y, z) of an image of a three-
dimensional object can be expressed as in the following Expression (1) :

[Expression 1]

I{x,v,2)

=C Uﬂ jff d&ydn ddydizdn,dl, {5{%?21«51}5*{%&m‘;"’*:TW‘:{*{%&: 1, s E2.12. {2 Jexplik[ (€,
—&)x+ 0y —ndy+{{—¢ :}EHH

= (1)
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[0048] In Expression (1), o represents a complex amplitude transmittance of an object. TCC stands for transmission
cross coefficient. (&,n,) represents a direction cosine of diffracted light (or direct light). Also, the image in this case is an
image of the sample SA resulting from image forming of light (detection light) having transmitted through at least a part of
the sample SAwith illumination. Therefore, the intensity | (x,y,z) of animage of a three-dimensional object, thatis, animage
of the three-dimensional sample SA can be replaced by the signal intensity of the detection signal output from the first
detector 40 or the like in image processing (for example, the signal intensity at each pixel of the first detector 40 when the
sample SA is imaged by the first detector 40). As shown in FIG. 2, it is assumed that the coordinate axis extending in the
optical axis direction (top-bottom direction) of the first microscope part 10 is a z axis, and coordinate axes perpendicular to
the z axis are an x axis and a y axis. The transmission cross coefficient TCC can be expressed as in the following
Expression (2).

[Expression 2]

TCC(E, 1,81, E2,02.02)
= ff d{gd?}gdggsg‘gmﬁxw “g‘:xﬁﬁ{‘%l "im "f;x’* 3?,}, %" WKU i:k wé» ‘;‘w}{;%‘ffﬁ ”% éf&’ q:’i %ﬁ a&ﬂ gﬁ M}m &'373

~(2)

[0049] InExpression (2), S represents anillumination pupil. G represents a detection pupil. Since the transmission cross
coefficient TCC is Hermite-conjugate, it has a nature indicated in the following Expression (3):
[Expression 3]

T(:C{%:ls ?;,‘l # {:},,e é‘ﬁr 7§3r é'ﬁ} = ?“f:ff ¢ ggi *??3! “:ﬁ* ‘flr ?;2\‘ 'I‘:i)
~(3)

[0050] For a thin sample such as a cell, the 1st-order Born approximation (low contrast approximation) is satisfied
because the influence of scattering is small. In this case, only the interference between the direct light (0-order diffracted
light) having transmitted through the sample and diffracted light (1st order diffracted light) diffracted by the sample may be
required to consider. Therefore, with the 1st order Born approximation and from Expressions (1) to (3) above, the following
Expression (4) is acquired.

[Expression 4]

Hx,v,z) = 2CRe i f f f agandacle(z,n, ¢)6*(0,0,00TCC(Z,n, ¢, 0,0,0)explik(Ex +ny + gg}}}}
- (4)

[0051] Also, complex amplitude transmittance 0 of an object can be approximated as in the following Expression (5).
[Expression 5]

olx,v,z) = [1 + Plx,y.2)lexpli®(x, v, 2)] > 1 + id(x,y,2) + P(x,y,2)
- {5)

[0052] In Expression (5), P represents a real part of a scattering potential. ® represents an imaginary part of the
scattering potential. By using Expression (5), Expression (4) above can be expressed as in the following Expression (6).
[Expression 6]
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20

I(x,y,2) = 2CRe { j f f @M;;dg[{@(g, n.{) +1$(E, 1)

+B(En,OITCC(E ¢, 0,0,0)explik(Ex + 9y + {I;z}]”

- (6)

[0053] Inthe expression, TCC is altered to WOTF (Weak Object Transfer Function). WOTF is defined by the following
Expression (7).
[Expression 7]

TCC(E,n,{,0,0,0) = WOTF{&,n,{)

- f f A2, dL,G(E + & + 3 + LS Ealar $)G EorerGs)

~{7)

[0054] From Expressions (6)and (7)above, the intensity I(x,y,z) of the image of a three-dimensional object acquired by a
transmitted illumination microscope can be expressed as in the following Expression (8) .
[Expression 8]

Hx,y3,2) = LZC”R«?{ H a&dndd [[5{& 0. +i®(En O
+ P&, 0, OIWOTF(E, 0, Dexplik(éx +ny + 533}}

- {}3}

[0055] Intheexpression,itis assumed thatthe change in amplitude of the sample can be as small asignorable. Thatis, P
= 0. In this case, expressing Expression (8) above in a real space, the following Expression (9) is acquired:
[Expression 9]

Hx,y,z) =2C { j ﬂ dxdydzRelEPSF{x, v, z}] — ®{x,v, 2)RIm|[EPSF(x, v, z}]z

~(9)

[0056] In Expression (9), EPSF stands for effective point spread function. EPSF is equal to a result acquired by
performing inverse Fourier transform on WOTF. EPSF is generally a complex function. The first term of Expression (9)
expresses a background intensity. The second term of Expression (9) expresses that the imaginary part @ of the scattering
potential that the sample has is multiplied by the imaginary part ImM[EPSF] of EPSF. By utilizing this Expression (9), the
imaginary part @ of the scattering potential that the sample has can be acquired.

[0057] Asafirstmethod for acquiring ®(x,y,z), there is a method which directly performs deconvolution by employing Im
[EPSF]. FIG. 5 schematically shows a process including moving the stage 2 in the z direction (that is, in the optical axis
direction), acquiring the intensities of images of a plurality of cross-sectional surfaces (xy cross-sectional surface) at
different positions in the z direction of the sample SA (thatis, the positions in the optical axis direction) (the signal intensities
for detection signals output from the first detector 40 and so on) and performing deconvolution. It should be noted that the
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images of a plurality of cross-sectional surfaces at different positions in the z direction (that s, in the optical axis direction) of
the sample SA may be collectively called a "z-stack image of the sample SA". The first term of Expression (9) is a constant
term that expresses a background intensity. First of all, after dividing both sides of Expression (9) by the constant term to
standardize it, the first term of the standardized Expression (9) is removed on a real space (or a frequency space). Then,
deconvolution is performed by employing IM[EPSF] so that the following Expression (10) is acquired:

[Expression 10]

POTF{£,n,{)*
[POTF(En, OE+y

2

i{x,v,z) = -F 4TI

(&0

-+ (10)

[0058] InExpression (10),itis assumed that a result acquired by performing three-dimensional Fourier transform on Im
[EPSF]is a phase optical transfer function (POTF). It should be noted that, since IN[EPSF] may take from a positive value
to a negative value, the value of POTF may also take from a positive value to a negative value. Here, POTF is an index
representing a contrast or resolution of an image of the sample SA by bright-field observation. More specifically, the
absolute value of POTF expresses a contrast of the image, and as the absolute value of POTF increases, the contrast of
the image of the sample SA by bright-field observation increases. Also, as the size of the region where the value of POTF is
not 0 increases in a frequency space, the resolution of the image of the sample SA by bright-field observation increases.
Also, the one acquired by standardized with the constant term of Expression (9) the intensity | (for example, 14-lgin FIG. 5)
of the image of each cross-sectional surface of the sample S in the z stack image of the sample SAis I'. Itis assumed thaty
takes an arbitrary small value.

[0059] As a second method for acquiring ®(x,y,z), there is a method including acquiring a difference in intensity of
images of two cross-sectional surfaces at different positions in the z direction of the sample SA (that is, positions in the
optical axis direction) and removing the constant term of Expression (9) and then performing deconvolution by employing
Im[EPSF]on the difference between the acquired intensities. This method is also disclosed in International Publication No.
2021/064807, and the description is omitted.

[0060] It should be noted that the scattering potential ® is defined by the following Expression (11) where P = 0.
[Expression 11]

(x.y.z) = kin(x. v.2)° — n3}
- (11)

[0061] In Expression (11), n(x,y,z) expresses a three-dimensional refractive index distribution on the sample SA, k,
represents a wavenumber in vacuum, n, represents a refractive index of a medium. By employing Expression (11), the
scattering potential ® acquired by the aforementioned method can be converted to a three-dimensional refractive index
distribution. The image processing part 91 employs Expression (10) and Expression (11) above to calculate the three-
dimensional refractive index distribution n(x,y,z) on the sample SA from the signal intensity of the detection signal output
from the first detector 40 and so on, that is, the intensity I(x,y,z) of the image of the three-dimensional sample SA. As an
example, the image processing part 91 generates image data with a luminance value of each pixel set in accordance with
the value of a refractive index at each position (coordinates) of the calculated three-dimensional refractive index
distribution on the sample SA, that is, image data of the three-dimensional refractive index of the sample SA. It should
be noted that the intensity of the image of the three-dimensional sample SA can be expressed as an intensity of animage of
each cross-sectional surface of the sample SA in the z stack image of the sample SA. In other words, it can be said that the
intensity of the image of the three-dimensional sample SA is the intensity of a plurality ofimages at different positions in the
z direction on the sample SA (that is, the positions in the optical axis direction).

[0062] Asinthe past, in a case where the first microscope part 10 is only employed to detect light from the sample SA,
since the POTF has a region (hereinafter, called "missing cone region") where information is missing for the z direction, an
error occurs in changes in refractive index in the z direction. For that, it is difficult to generate an image of a three-
dimensional refractive index distribution of the sample SA or an image of the sample SA by bright-field observation. FIG. 6
shows an example of the image of the sample SA (xz cross-sectional surface) by bright-field observation which is
generated by a conventional method. FIG. 7 shows an example of the image of a three-dimensional refractive index
distribution (xz cross-sectional surface) of the sample SA which is generated by a conventional method. As the sample SA
shown in FIGS. 6 and 7, a substantially spherical false cell having a known refractive index or the like is employed. In the
examples shown in FIGS. 6 and 7, the refractive index of the sample SA (false cell) is set to about 1.35, and the refractive
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index of the medium is set to 1.33. Also, the illumination side NA (numerical aperture) and the detection side NA of a
microscope to be used in the examples shown in FIGS. 6 and 7 are set to 0.95.

[0063] FIG. 8 shows adistribution of POTF in the past. In FIG. 8, the white color (background) indicates that the value of
the POTF is 0, and the black color indicates that the value of the POTF is a positive or negative value. Therefore, in FIG. 8,
as the darkness of the black colorincreases, the absolute value of the POTF increases. As shown in FIG. 8, a large missing
coneregion exists on the central side of the conventional POTF distribution. For that, the image of the sample SA by bright-
field observation is deviated from the original substantially spherical shape and extends in the z direction as shown in FIG.
6, for example.

[0064] Also, since the POTF has a missing cone region, in a case where Expression (10) and Expression (11) are
employed to acquire a three-dimensional refractive index distribution, correction of the refractive index is needed.
Accordingly, a missing cone estimation approach such as Gerchberg-Papoulis method, Edge-Preserving Regularization
method, or Total Variation Regularization method is employed to perform correction of the refractive index. More
specifically, a missing cone estimation algorithm is used to set a constraint condition such that a minimum refractive
index value can be a predetermined refractive index value (for example, a refractive index value of a medium in the sample
SA, which is known) and estimates a missing cone region.

[0065] FIG. 9 shows a distribution of a spectrum complemented by estimating a missing cone region of a POTF in the
past. As shown in FIG. 9, even by complementing a missing cone region of the POTF, an image of a three-dimensional
refractive index distribution of the sample SA is deviated from the original substantially spherical shape and extendsinthe z
direction as shown in FIG. 7, for example.

[0066] Inthis embodiment, the image processing part 91 generates image data of a three-dimensional refractive index
distribution of the sample SA based on a detection signal for light output from the first detector 40 when the firstillumination
optical system 20 irradiates the sample SA with the first illumination light L1 toward the -z direction (first direction) and a
detection signal for light output from the second detector 80 when the second illumination optical system 70 gathers light to
and irradiates the sample SA with the second illumination light L2 toward the +X direction (a second direction orthogonal to
the first direction). Thus, according to this embodiment, since the size of the missing cone region in the POTF can be
reduced based on a detection signal for light output from the second detector 80, itis possible to more accurately generate
animage of a three-dimensional refractive index distribution of the sample SA or an image of the sample SA by bright-field
observation.

[0067] FIG. 10 shows an example of the image of the sample SA (xz cross-sectional surface) by bright-field observation
which is generated by a method according to this embodiment. FIG. 11 shows an example of the image of a three-
dimensional refractive index distribution (xz cross-sectional surface) of the sample SA which is generated by a method
according to this embodiment. As the sample SA shown in FIGS. 10 and 11, a substantially spherical false cell having a
known refractive index or the like is employed. In the examples shown in FIGS. 10 and 11, the refractive index of the sample
SA (false cell) is set to about 1.35, and the refractive index of the medium is set to 1.33. Also, the illumination side NA
(numerical aperture) and the detection side NA of the first microscope part 10 are set to 0.95 and the illumination side NA
and the detection side NA of the second microscope part 50 are set to 0.5.

[0068] FIG. 12shows adistribution of POTF according to this embodiment. In FIG. 12, as the darkness of the black color
increases, the absolute value of the POTF increases, like FIG. 8. As shown in FIG. 12, on the central side of the POTF
distribution according to this embodiment, the POTF based on a detection signal for light output from the second detector
80 exists in a way that covers a missing cone region. For that, the image of the sample SA by bright-field observation is
close to the original substantially spherical shape as shown in FIG. 10, for example. FIG. 13 shows a distribution of a
spectrum complemented by estimating a missing cone region of POTF according to this embodiment. As shown in FIG. 13,
the missing cone region of the POTF can be complemented in a range wider than the past, and an image of a three-
dimensional refractive index distribution of the sample SA is close to the original substantially spherical shape as shownin
FIG. 11, for example.

[0069] Also, itis assumed thatfis a spatial frequency, the pupil function of a lens (objective lens/condenser lens) that
determines the illumination side NA (numerical aperture) is Pill (f), and the pupil function of a lens (objective lens/con-
denser lens) that determines the detection side NA is Pcol(f). APOTF can be acquired by convolution of an illumination-
related effective pupil function and a detection-delated effective pupil function. In the first microscope part 10 that is a
Koehler illumination microscope, it is known that the illumination-related effective pupil function is |Pill (f)|2P*col(f) and the
detection-related effective pupil function is Pcol(f). On the other hand, in the second microscope part 50 that is a
nonconfocal laser microscope, it is known that the illumination-related effective pupil function is Pill(f) and the detection-
related effective pupil function is |Pcol(f)|2Pill*(f). It should be noted that since the convolution does not change even when
the order is changed, an equal POTF can be acquired if the Koehler illumination microscope (first microscope part 10)and
nonconfocal laser microscope (second microscope part 50) have equal conditions such as an NA.

[0070] In acase where a linear function intensity transmission mask (such as the first modulation element 25 having a
light transmittance thatincreases or decreases monotonously in one direction within the pupil surface in accordance with a
linear function, for example) is arranged at a position of the illumination pupil in the Koehler illumination microscope (first
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microscope part 10), |Pill(f)|2 is a linear function so that the illumination-related effective pupil function is a linear function.
Therefore, the distribution of POTF extends in bilateral symmetry in the example shown in FIG. 12, and the resolution of the
sample SA in the direction orthogonal to the optical axis is improved. On the other hand, in a case where a linear function
intensity transmission mask (such as the second modulation element 77 having a light transmittance that increases or
decreases monotonously in one direction within a conjugated surface to the pupil in accordance with a linear function, for
example) is arranged at a conjugated position to the detection pupil in the nonconfocal laser microscope (second
microscope part 50), |Pcol(f)[2 is a linear function so that the detection-related effective pupil function is a linear function.
Therefore, the distribution of POTF extends in upper and lower symmetry in the example shown in FIG. 12, and the
resolution of the sample SAin the direction orthogonal to the optical axis is improved. By arranging the Koehler illumination
microscope and the nonconfocal laser microscope so as to be orthogonal to each other, the resolutions in two directions
(the x direction and the z direction in the example shown in FIG. 12) can be improved, and a three-dimensionally accurate
image can be formed for the sample SA that a transparent phase object. Therefore, through the calculations based on a
detection signal for light with the Koehler illumination microscope (first microscope part 10) and a detection signal for light
with the nonconfocal laser microscope (second microscope part 50), a three-dimensional refractive index distribution on
the sample SA can be acquired more accurately.

[0071] It should be noted that, if the illumination side NA and the detection side NA are equal, the Koehler illumination
microscope (first microscope part 10) and nonconfocal laser microscope (second microscope part 50) may satisfy the
following Expression (12):

[Expression 12]

- {(12)

[0072] Inthe expression, NA_1is an NA (numerical aperture) of the Koehler illumination microscope (first microscope
part 10). NA_2 is an NA (numerical aperture) of the nonconfocal laser microscope (second microscope part 50). n_1is a
refractive index of an immersion liquid in the sample SA in the Koehler illumination microscope (first microscope part 10).
n_2 is arefractive index of an immersion liquid in the sample SA in the nonconfocal laser microscope (second microscope
part 50). With the satisfaction of Expression (12), the missing cone region in the POTF can be completely filled so that a
three-dimensional refractive index distribution on the sample SA can be acquired more accurately.

[0073] Also, althoughitisideal thatthe first microscope part 10 and the second microscope part 50 are arranged so as to
be orthogonal to each other, the present invention is not limited thereto. Even when the first microscope part 10 and the
second microscope part 50 are arranged at different angles, a three-dimensional refractive index distribution on the
sample SA can be acquired more accurately, compared with the case where the first microscope part 10 is only employed.
[0074] When the first microscope part 10 that is a Koehler illumination microscope is arranged in a vertical direction and
the second microscope part 50 that is a nonconfocal laser microscope is arranged in a horizontal direction, the usability as
a microscope device increases since the configuration of a conventional Koehler illumination microscope can be utilized.
However, a combination of the first microscope part and the second microscope part is not limited to the combination of a
Koehler illumination microscope and a nonconfocal laser microscope. For example, with a combination of Koehler
illumination microscopes or a combination of nonconfocal laser microscopes, a three-dimensional refractive index
distribution on the sample SA can be acquired more accurately in the same manner.

[0075] Although it is ideal that the light transmittances of the first modulation element 25 and the second modulation
element 77 increases or decreases monotonously along one direction within a surface of the pupil or within a conjugated
surface to the pupil in accordance with a linear function, the present invention is not limited thereto. The light transmittance
of one of the first modulation element 25 and the second modulation element 77 may increase or decrease monotonously
along one direction within a surface of the pupil or within a conjugated surface to the pupil in accordance with a linear
function. As described above, the light transmittance of at least one of the first modulation element 25 and the second
modulation element 77 may increase or decrease monotonously along one direction within a surface of the pupil or withina
conjugated surface to the pupil in accordance with a continuous function and the continuous function is any function of a
sine function, a cosine function, a quadratic function, and a Gaussian function. Even with the configuration, a three-
dimensional refractive index distribution on the sample SA can be acquired more accurately.

[0076] Asdescribed above, as the first modulation element 25, any one of a plurality of the first modulation elements 25
having different changes in light transmittance, that is, different distributions of light transmittance may be selected and be
arranged at the position P1 of the illumination pupil. In this case, a turret (not shown) holding a plurality of the first
modulation elements 25 may be provided, and the turret may be moved rotationally to select the first modulation element
25to be arranged at a position P1 of the illumination pupil. It should be noted that, as an element selection part allowing to
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select one of the plurality of first modulation elements and arrange it at the position P1 of the illumination pupil, an existing
mechanism such as a slider may be used without limiting to the turret. Thus, the control part 90 controls the element
selection part so as to switch to one of a plurality of the first modulation elements 25 and arrange it at the position P1 of the
illumination pupil so that the distribution of light transmittance within the surface of the illumination pupil is changed.
[0077] Also, as the second modulation element 77, any one of a plurality of the second modulation elements 77 having
different distributions of light transmittance may be selected and be arranged at the conjugated position P2 to the detection
pupil. In this case, a turret (not shown) holding a plurality of the second modulation elements 77 may be provided, and the
turret may be moved rotationally so as to select the second modulation element 77 to be arranged at the conjugated
position P2 to the detection pupil. It should be noted that means (element selection part) similar to the means for selecting
one of a plurality of the first modulation elements 25 and arranging it at the position P1 of the illumination pupil can be used
as the means for selecting one of the plurality of second modulation elements 77 and arranging it at the conjugated position
P2 to the detection pupil. Thus, the control part 90 controls the element selection part so as to switch to one of the plurality of
second modulation elements 77 and arrange it at the conjugated position P2 to the detection pupil so that the distribution of
light transmittance within the conjugated surface to the detection pupil is changed.

[0078] Next, a data generation method for data on a refractive index in the microscope device 1 according to the first
embodiment is described. FIG. 14 is a flowchart showing the data generation method according to the firstembodiment. It
should be noted that the sample SA is mounted in advance on the stage 2. The control part 90 includes a computer system,
for example. The control part 90 reads out a control program stored in a storage part and executes various kinds of
processing in accordance with the control program.

[0079] Firstofall, thefirstillumination optical system 20 in the first microscope part 10 irradiates the sample SAwith afirst
illumination light directed toward a first direction (step ST1). Next, the first detection optical system 30 receives light from
the sample SAinresponse to the irradiation with the firstillumination light (step ST2). Next, the first detector 40 detects light
from the sample SA through the first detection optical system 30 and outputs a detection signal for the light (step ST3).
Next, the second illumination optical system 70 in the second microscope part 50 irradiates the sample SA with a second
illumination light directed toward a second direction orthogonal to the first direction (step ST4). Next, the second detection
optical system 75 receives light from the sample SA in response to the irradiation with the second illumination light (step
ST5). Next, the second detector 80 detects light from the sample SA through the second detection optical system 85 and
outputs a detection signal for the light (step ST6). It should be noted that the processing in steps ST1to ST6 is repeated so
as to detect light from each of cross-sectional surfaces of the sample SA corresponding to images of a plurality of cross-
sectional surfaces at different positions in the z direction (positions in the optical axis direction) of the sample SA, thatis,az
stack image of the sample SA. For example, in steps ST1 to ST3, the stage 2 (sample SA) may be moved in the z direction
by the stage drive part (not shown) to detect light from each cross-sectional surface of the sample SA with the first
microscope part 10 (first detector 40). In steps ST4 to ST6, with the first galvano mirror 54, the second galvano mirror 57,
and the liquid lens 59, the sample SA may be three-dimensionally scanned to detect each of lights from each cross-
sectional surface of the sample SA with the second microscope part 50 (second detector 80). Then, the image processing
part 91 generates a refractive index distribution on the sample SA (for example, image data on a three-dimensional
refractive index distribution of the sample SA) based on the detection signal for the light output from the first detector 40 and
the detection signal for the light output from the second detector 80 (step ST7). In this case, for example, the image
processing part 91 may calculate a three-dimensional refractive index distribution on the sample SA by using Expression
(10) and Expression (11) described above based on an intensity of the image of the sample SA acquired by merging the
intensity of the image of the sample SA in accordance with the signal intensity of the detection signal output from the first
detector 40 and the intensity of the image of the sample SA in accordance with the signal intensity of the detection signal
output from the second detector 80. Thus, the three-dimensional refractive index distribution on the sample SA can be
acquired more accurately.

[0080] Although, in the flow shown in FIG. 14, the steps (steps ST1 to ST3) of irradiating the sample SA with the first
illumination light directed toward a first direction and detecting light from the sample SA in response to the irradiation with
the first illumination light and the steps (steps ST4 to ST6) of irradiating the sample SA with the second illumination light
directed toward a second direction orthogonal to the first direction and detecting light from the sample SAin response to the
irradiation with the second illumination light are performed in the order, the present invention is not limited thereto. For
example, each of the steps (steps ST1 to ST3) by the first microscope part 10 and each of the steps (steps ST4 to ST6) by
the second microscope part 50 may be performed simultaneously. Thus, a three-dimensional refractive index distribution
on the sample SA can be acquired in a short period of time.

[0081] Although, in the aforementioned first embodiment, the image processing part 91 performs three-dimensional
deconvolution based on the detection signal for the light detected by the first detector 40 and the detection signal for the
light detected by the second detector 80 with respect to each of cross-sectional surfaces of the sample SA corresponding
to the z-stack image of the sample SA and acquires a three-dimensional refractive index distribution on the sample SA (for
example, image data on a three-dimensional refractive index distribution of the sample SA), the present invention is not
limited thereto. For example, the image processing part 91 may perform two-dimensional deconvolution (for example, two-
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dimensional deconvolution based on the POTF on the cross-sectional surface with Fz(Fx)=0 in the three-dimensional
distribution of POTF exemplarily illustrated in FIG. 12) based on the detection signal for the light detected by the first
detector 40 and the detection signal for the light detected by the second detector 80 for each of cross-sectional surfaces of
the sample SA corresponding to the z-stack image of the sample SA and acquires a refractive index distribution on each of
the cross-sectional surfaces of the sample SA to acquire a three-dimensional refractive index distribution on the sample
SA.

[0082] Although, in the aforementioned first embodiment, the light source unit 51 in the second microscope part 50 has
the first galvano mirror 54 and the second galvano mirror 57, the presentinvention is not limited thereto. For example, as in
a microscope device 1a shown in FIG. 15, the light source unit 51ain a second microscope part 50a may be configured to
have only one galvano mirror 64. In this case, in a light source unit 51a, a mirror 67 is arranged instead of the second
galvano mirror 57. Instead of the second galvano mirror 57, the stage 2 is moved in the z direction by a stage drive part (not
shown) so that the light-gathering position for the second illumination light on the sample SA is changed to the z direction.
Also, the galvano mirror 64 has a similar configuration to that of the first galvano mirror 54 and changes the direction of
travel of the second illumination light so that the light-gathering position for the second illumination light on the sample SA
can be changed to the y direction. By changing the light-gathering position for the second illumination light in a three-
dimensional direction on the sample SA with the galvano mirror 64, the liquid lens 59 and the stage drive part, the sample
SA can be three-dimensionally scanned. In this case, while the stage 2 (sample SA) is being moved in the z direction by the
stage drive part to detect light from each cross-sectional surface of the sample SA with the first microscope part 10 (first
detector40), the sample SA may be scanned with the galvano mirror 64 and the liquid lens 59 to detect each light from each
cross-sectional surface of the sample SA with the second microscope part 50a (second detector 80). Thus, each of the
steps (steps ST1 to ST3) by the firstmicroscope part 10 and each of the steps (steps ST4 to ST6) by the second microscope
part 50a can be performed simultaneously.

<Second Embodiment>

[0083] Next, with reference to FIG. 16, a microscope device 101 according to a second embodiment is described. The
microscope device 101 according to the second embodiment has the common configuration in the principal part to the
microscope device 1 according to the first embodiment except for a second microscope part. Thus, like references are
given to like components between the first embodiment and the second embodiment, and detailed descriptions are
omitted. The microscope device 101 according to the second embodiment has a first microscope part 110 and a second
microscope part 150. The microscope device 101 according to the second embodiment further has a stage 2, a control part
90, and an image processing part 91.

[0084] The first microscope part 110 has a first light source 11, a first illumination optical system 20, a first detection
optical system 130, and a first detector 40. The first light source 11, the first illumination optical system 20, and the first
detector 40 are configured similarly to the first embodiment. The first detection optical system 130 has, in order from the
sample SA side, an objective lens unit 31, an image-forming lens 36, and a mirror 37, like the first embodiment. The first
detection optical system 130 further includes a half mirror 172 in the second microscope part 150. The objective lens unit
31, the image-forming lens 36, and the mirror 37 are configured similarly to the first embodiment.

[0085] The second microscope part 150 has a light source unit 51, a second illumination optical system 170, a second
detection optical system 175, and a second detector 80. The light source unit 51 and the second detector 80 are configured
similarly to the first embodiment.

[0086] The second illumination optical system 170 directs a second illumination light L2 emitted from the light source unit
51 (second light source 52) toward the -x direction (the second direction orthogonal to the first direction) and gathers light to
and irradiates the sample SA. The second illumination optical system 170 has a half mirror 172 and an illumination mirror
174 asshownin FIGS. 16 and 17. The second illumination optical system 170 furtherincludes an objective lens unit 31 (first
objective lens 32) in the first microscope part 110 (first detection optical system 130).

[0087] The half mirror 172 is arranged on an optical path between the first objective lens 32 and the image-forming lens
36 in the first microscope part 110 (first detection optical system 130). The ratio of the transmittance and reflectivity of the
half mirror 172 is set to 1:1, for example. The half mirror 172 reflects a part of the second illumination light L2 emitted from
the light source unit 51 (second light source 52) toward a detection pupil (rear-side focal point surface) in the first objective
lens 32. The first objective lens 32 gathers the second illumination light L2 reflected by the half mirror 172. It should be
noted that since the second illumination light L2 reflected by the half mirror 172 passes through the detection pupil (rear-
side focal point surface) in the first objective lens 32 from the direction tilting relative to the central axis of the first objective
lens 32, the second illumination light L2 travels in the +z direction offset relative to the central axis of the first objective lens
32 after being transmitted through the first objective lens 32. The illumination mirror 174 is arranged to face to the right side
of the sample SA above the first objective lens 32 (and the stage 2). The illumination mirror 174 reflects the second
illumination light L2 being transmitted through the first objective lens 32 and traveling in the +z direction offset relative to the
central axis of the first objective lens 32 toward the -x direction (second direction). An optical axis AX2 between the second
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illumination optical system 170 and the second detection optical system 175 in the second microscope part 150 and is
orthogonal to an optical axis AX1 between the firstillumination optical system 20 and the first detection optical system 130
in the first microscope part 110.

[0088] The second detection optical system 175 receives light from the sample SA in response to the irradiation with the
second illumination light from the opposite side of the second illumination optical system 170 across the sample SA. The
second detection optical system 175 has a detection second objective lens 176 and a second modulation element 177 in
order from the sample SA side, as shown in FIGS. 16 and 17. The detection second objective lens 176 is provided on the
opposite side of the illumination mirror 174 across the sample SA. Light from the sample SA in response to the irradiation
with the second illumination light enters the detection second objective lens 176. The second modulation element 177 is
arranged on a conjugated surface to the detection pupil of the detection second objective lens 176 in the second detection
optical system 175 (on a surface perpendicular to the optical axis AX2 of the second microscope part 150 (second
detection optical system 175) at a conjugated position P2 to the detection pupil). The second modulation element 177 is
configured similarly to the second modulation element 77 according to the first embodiment.

[0089] According to the second embodiment, in a case where bright-field observation is performed on the sample SA,
the firstillumination optical system 20 in the first microscope part 110 directs a firstillumination light L1 emitted from the first
light source 11 toward the -z direction and irradiates the sample SA, like the first embodiment.

[0090] The firstdetection lighthaving transmitted through the sample SA from the firstillumination optical system 20 side
enters the first objective lens 32 in the first detection optical system 130. The first detection light having transmitted through
the first objective lens 32 enters the half mirror 172. A part of the first detection light having entered the half mirror 172
transmits through the half mirror 172 and enters the image-forming lens 36. The first detection light having transmitted
through the image-forming lens 36 is reflected by the mirror 37 and forms an image on a predetermined image surface |
where the first detector 40 is placed. The first detector 40 detects the light (first detection light) from the sample SA through
the first detection optical system 130 and outputs a detection signal for the light. The detection signal for the light (first
detection light) output from the first detector 40 is sent to the image processing part 91 through the control part 90.
[0091] The second illumination light L2 emitted from the light source unit 51 (second light source 52) in the second
microscope part 150 enters the half mirror 172 in the second illumination optical system 170. A part of the second
illumination light L2 having entered the half mirror 172 is reflected by the half mirror 172 and enters the first objective lens 32
and passes through the detection pupil in the first objective lens 32 from the direction tilting relative to the central axis of the
first objective lens 32. The second illumination light L2 having transmitted through the first objective lens 32 is reflected by
the illumination mirror 174 and is gathered and irradiated to the sample SA on the stage 2. Thus, the second illumination
optical system 170 directs a second illumination light L2 emitted from the light source unit 51 (second light source 52)
toward the -x direction (the second direction orthogonal to the first direction) and gathers light to and irradiates the sample
SA.

[0092] The second detection light having transmitted through the sample SA from the second illumination optical system
170 side enters the detection second objective lens 176 in the second detection optical system 175. The second detection
light having transmitted through the detection second objective lens 176 enters the second detector 80 through the second
modulation element 177. The second detector 80 detects the light (second detection light) from the sample SA through the
second detection optical system 175 and outputs a detection signal for the light. The detection signal for the light (second
detection light) output from the second detector 80 is sent to the image processing part 91 through the control part 90.
[0093] Also, in a case where fluorescence observation is performed on the sample SA by the second microscope part
150, acylindrical lens (not shown) of the light source unit 51 in the second microscope part 150 is inserted in the optical path
between the first lens 53 in the light source unit 51 and the first galvano mirror 54. Also, a fluorescence filter cube 173
instead of the half mirror 172 is inserted in the optical path between the first objective lens 32 and the image-forming lens
36. The fluorescence filter cube 173 has a dichroic mirror 173a, an excitation filter 173b, and absorption filter 173c.
[0094] An excited ray emitted from the light source unit 51 (second light source 52) enters the dichroic mirror 173a
through the excitation filter 173b in the fluorescencefilter cube 173. The excited ray having entered the dichroic mirror 173a
in the fluorescence filter cube 173 is reflected by the dichroic mirror 173a and enters the first objective lens 32 and passes
through the detection pupil in the first objective lens 32 from the direction tilting relative to the central axis of the first
objective lens 32. The excited ray having transmitted through the first objective lens 32 is reflected by the illumination mirror
174 and is gathered and irradiated to the sample SA on the stage 2. Thus, the second illumination optical system 170
irradiates the sample SA with the excited ray being sheetlight emitted from the light source unit 51 (second light source 52).
[0095] With the irradiation with the excited ray, a fluorescent material contained in the sample SA is excited, and
fluorescence exits. The fluorescence from the sample SA enters the first objective lens 32 of the first detection optical
system 130. The fluorescence having transmitted through the first objective lens 32 enters the dichroic mirror 173a in the
fluorescence filter cube 173. The fluorescence having entered the dichroic mirror 173a in the fluorescence filter cube 173
transmits through the dichroic mirror 173a, passes through the absorptionfilter 173c and enters the image-forming lens 36.
The fluorescence having transmitted through the image-forming lens 36 is reflected by the mirror 37 and forms animage on
a predetermined image surface | where the first detector 40 is placed. The first detector 40 detects the fluorescence from

16



10

15

20

25

30

35

40

45

50

55

EP 4 546 028 A1

the sample SA through the first detection optical system 130 and outputs a detection signal for the fluorescence. The
detection signal for the fluorescence output from the first detector 40 is sent to the image processing part 91 through the
control part 90.

[0096] According to the second embodiment, a three-dimensional refractive index distribution on the sample SA (for
example, image data on a three-dimensional refractive index distribution of the sample SA) can be generated in a manner
similar to the method for generating data on a refractive index according to the first embodiment. Therefore, according to
the second embodiment, the effect similar to that of the first embodiment can be achieved.

[0097] Although, in the aforementioned second embodiment, the light source unit 51 in the second microscope part 150
has the first galvano mirror 54 and the second galvano mirror 57, the presentinvention is not limited thereto. For example,
as in a microscope device 101a shown in FIG. 18, the light source unit 51a in the second microscope part 150a may be
configured to have only one galvano mirror 64. In this case, in the light source unit 51a, a mirror 67 is arranged instead of the
second galvano mirror 57, like the microscope device 1a according to a variation example of the first embodiment.

<Third Embodiment>

[0098] Next, with reference to FIG. 19, a microscope device 201 according to a third embodiment is described. The
microscope device 201 according to the third embodiment has the common configuration in the principal part to the
microscope device 1 according to the first embodiment except for a second microscope part. Thus, like references are
given to like components between the first embodiment and the third embodiment, and detailed descriptions are omitted.
The microscope device 201 according to the third embodiment has a first microscope part 210 and a second microscope
part 250. The microscope device 201 according to the third embodiment further has a stage 2, a control part 90, and an
image processing part 91.

[0099] The first microscope part 210 has a first light source 11, a first illumination optical system 20, a first detection
optical system 230, and a first detector 40. The first light source 11, the first illumination optical system 20, and the first
detector 40 are configured similarly to the first embodiment. The first detection optical system 230 has, in order from the
sample SA side, an objective lens unit 31, an image-forming lens 36, and a polarized beam splitter 237. The first detection
optical system 230 further includes a half mirror 272 in the second microscope part 250. The objective lens unit 31 and the
image-forming lens 36 are configured similarly to the first embodiment. The polarized beam splitter 237 reflects light (s-
polarized light) from the sample SA in response to the irradiation with a first illumination light and allows light (p-polarized
light) from the sample SA in response to the irradiation with a second illumination light.

[0100] The second microscope part 250 has a light source unit 51, a second illumination optical system 270, a second
detection optical system 275, and a second detector 80. The light source unit 51 and the second detector 80 are configured
similarly to the first embodiment.

[0101] Thesecondillumination optical system 270 directs a second illumination light L2 emitted from the light source unit
51 (second light source 52) toward the -x direction (the second direction orthogonal to the first direction) and gathers light to
and irradiates the sample SA. The second illumination optical system 270 has a half mirror 272 and an illumination mirror
274 as shownin FIGS. 19and 20. The second illumination optical system 270 further includes an objective lens unit 31 (first
objective lens 32) in the first microscope part 210 (first detection optical system 230).

[0102] The half mirror 272 is arranged on an optical path between the first objective lens 32 and the image-forming lens
36 in the first microscope part 210 (first detection optical system 230). The ratio of the transmittance and reflectivity of the
half mirror 272 is set to 1:1, for example. The half mirror 272 reflects a part of the second illumination light L2 emitted from
the light source unit 51 (second light source 52) toward a detection pupil (rear-side focal point surface) in the first objective
lens 32. The first objective lens 32 gathers the second illumination light L2 reflected by the half mirror 272. It should be
noted that since the second illumination light L2 reflected by the half mirror 272 passes through the detection pupil (rear-
side focal point surface) in the first objective lens 32 from the direction tilting relative to the central axis of the first objective
lens 32, the second illumination light L2 travels in the +z direction offset relative to the central axis of the first objective lens
32 after being transmitted through the first objective lens 32. The illumination mirror 274 is arranged to face to the right side
of the sample SA above the first objective lens 32 (and the stage 2). The illumination mirror 274 reflects the second
illumination light L2 being transmitted through the first objective lens 32 and traveling in the +z direction offset relative to the
central axis of the first objective lens 32 toward the -x direction (second direction). An optical axis AX2 between the second
illumination optical system 270 and the second detection optical system 275 in the second microscope part 250 is
orthogonal to an optical axis AX1 between the first illumination optical system 20 and the first detection optical system 230
in the first microscope part 210.

[0103] The second detection optical system 275 receives light from the sample SA in response to the irradiation with the
second illumination light from the opposite side of the second illumination optical system 270 across the sample SA. The
second detection optical system 275 has a detection mirror 276, a relay lens 278, and a second modulation element 277,
as shown in FIGS. 19 and 20. The second detection optical system 275 further includes an objective lens unit 31 (first
objective lens 32) and an image-forming lens 36 in the first microscope part 210 (first detection optical system 230), the
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polarized beam splitter 237, and a half mirror 272 in the second illumination optical system 270.

[0104] The detection mirror 276 is provided on the opposite side of the illumination mirror 274 across the sample SA
above the first objective lens 32 (and the stage 2). The illumination mirror 274 reflects the light from the sample SA in
response to the irradiation with the second illumination light toward the -z direction (that is, the first objective lens 2) offset
relative to the central axis of the first objective lens 32. Light from the sample SA in response to the irradiation with the
second illumination light enters the first objective lens 32 through the detection mirror 276. The relay lens 278 causes light
(p-polarized light) from the sample SA having transmitted through the polarized beam splitter 237 to enter the second
modulation element277. The second modulation element 277 is arranged on a conjugated surface to the detection pupil of
the first objective lens 32 in the second detection optical system 275 (on a surface perpendicular to the optical axis of the
second microscope part 250 (second detection optical system 275) at a conjugated position P2 to the detection pupil). The
second modulation element 277 is configured similarly to the second modulation element 77 according to the first
embodiment.

[0105] According to the third embodiment, in a case where bright-field observation is performed on the sample SA, the
first illumination optical system 20 in the first microscope part 110 directs a first illumination light L1 emitted from the first
light source 11 toward the -z direction and irradiates the sample SA, like the first embodiment. It should be noted that,
according to the third embodiment, a polarizer (not shown) is arranged in, for example, an optical path in the first
illumination optical system 20 (for example, an optical path between the collector lens 21 and the aperture stop 23) such
that s-polarized light (first detection light) enters the polarized beam splitter 237.

[0106] The first detection light (s-polarized light) having transmitted through the sample SA from the first illumination
optical system 20 side enters the first objective lens 32 in the first detection optical system 230. The first detection light
having transmitted through the first objective lens 32 enters the half mirror 272. A part of the first detection light having
entered the half mirror 272 transmits through the half mirror 272 and enters the image-forming lens 36. The first detection
light (s-polarized light) having transmitted through the image-forming lens 36 is reflected by the polarized beam splitter 237
and forms an image on a predetermined image surface | where the first detector 40 is placed. The first detector 40 detects
the light (first detection light) from the sample SA through the first detection optical system 230 and outputs a detection
signal for the light. The detection signal for the light (first detection light) output from the first detector 40 is sent to the image
processing part 91 through the control part 90.

[0107] The second illumination light L2 emitted from the light source unit 51 (second light source 52) in the second
microscope part 250 enters the half mirror 272 in the second illumination optical system 270. It should be noted that,
according to the third embodiment, for example, the light source unit 51 (second light source 52) emits the second
illumination light L2 that s linearly polarized light such that p-polarized light (second detection light) can enter the polarized
beam splitter 237. A part of the second illumination light L2 having entered the half mirror 272 is reflected by the half mirror
272 and enters the first objective lens 32 and passes through the detection pupil in the first objective lens 32 from the
direction tilting relative to the central axis of the first objective lens 32. The second illumination light L2 having transmitted
through the first objective lens 32 is reflected by the illumination mirror 274 and is gathered and irradiated to the sample SA
on the stage 2. Thus, the second illumination optical system 270 directs a second illumination light L2 emitted from the light
source unit 51 (second light source 52) toward the -x direction (the second direction orthogonal to the first direction) and
gathers light to and irradiates the sample SA.

[0108] The second detection light (p-polarized light) having transmitted through the sample SA from the second
illumination optical system 270 side is reflected by the detection mirror 276 in the second detection optical system 275 and
enters the first objective lens 32. The second detection light having transmitted through the first objective lens 32 enters the
half mirror 272. A part of the second detection light having entered the half mirror 272 transmits through the half mirror 272
and enters the image-forming lens 36. The second detection light (p-polarized light) having transmitted through the image-
forming lens 36 transmits through the polarized beam splitter 237 and enters the relay lens 278. The second detection light
having transmitted through the relay lens 278 enters the second detector 80 through the second modulation element 277.
The second detector 80 detects the light (second detection light) from the sample SA through the second detection optical
system 275 and outputs a detection signal for the light. The detection signal for the light (second detection light) output from
the second detector 80 is sent to the image processing part 91 through the control part 90.

[0109] According to the third embodiment, a three-dimensional refractive index distribution on the sample SA (for
example, image data on a three-dimensional refractive index distribution of the sample SA) can be generated in a manner
similar to the method for generating data on a refractive index according to the first embodiment. Therefore, according to
the third embodiment, the effect similar to that of the first embodiment can be achieved.

[0110] Although, inthe aforementioned third embodiment, the light source unit 51 in the second microscope part 250 has
the first galvano mirror 54 and the second galvano mirror 57, the presentinvention is not limited thereto. For example, as in
a microscope device 201a shown in FIG. 21, the light source unit 51a in the second microscope part 250a may be
configured to have only one galvano mirror 64. In this case, in the light source unit51a, a mirror 67 is arranged instead of the
second galvano mirror 57, like the microscope device 1a according to a variation example of the first embodiment.
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<Fourth Embodiment>

[0111] Next, with reference to FIGS. 22 and 23, a microscope device 301 according to a fourth embodimentis described.
The microscope device 301 according to the fourth embodiment has the common configuration in the principal part to the
microscope device 1 according to the first embodiment except for a first microscope part and a second microscope part.
Thus, like references are given to like components between the first embodiment and the third embodiment, and detailed
descriptions are omitted. As shown in FIGS. 22 and 23, the microscope device 301 according to the fourth embodiment has
a first microscope part 310 and a second microscope part 350. The microscope device 301 according to the fourth
embodiment further has a stage 2, a control part 90, and an image processing part 91, as shown in FIG. 23. It should be
noted that, according to the fourth embodiment, as shown in FIG. 23, itis assumed that the coordinate axis extending in the
optical axis direction (top-bottom direction) of the second microscope part 350 is a z axis, and coordinate axes
perpendicular to the z axis are x axis and a y axis.

[0112] The first microscope part 310 has, as shown in FIGS. 22 and 23, afirst light source 311, afirstillumination optical
system 320, a first detection optical system 330, and a first detector 340. The first light source 311 is configured similarly to
the firstlight source 11 according to the first embodiment. The first light source 311 generates a firstillumination light. Also,
the first light source 311 is arranged at a conjugated position to the illumination pupil.

[0113] The firstillumination optical system 320 directs a first illumination light L1 emitted from the first light source 311
toward the +x direction and irradiates the sample SA. It should be noted that, in FIG. 23, the first illumination light L1 is
represented by a broken line for easy distinction from the second illumination light L2. The first illumination optical system
320 has, in order from the first light source 311 side, a collector lens 321, an aperture stop (not shown), arelay lens 324, a
first modulation element 325, an aperture stop (not shown), and a condenser lens 327, as shown in FIG. 23. The collector
lens 321, the aperture stop, the relay lens 324, the first modulation element 325, the aperture stop, and the condenser lens
327 are configured similarly to the collectorlens 21, the aperture stop 23, the relay lens 24, the first modulation element 25,
the aperture stop 26, and the condenser lens 27 according to the first embodiment except that they are arranged side by
side in the x direction. It should be noted thatthe condenser lens 327 is arranged facing to a left side of the stage 2. Also, ina
case where awhite light source is used as the first light source 311, an element (such as aband passfilter, for example) that
narrows the wavelength band of the first illumination light may be provided like the first embodiment.

[0114] Thefirstdetection optical system 330 receives light from the sample SA in response to the irradiation with the first
illumination light L1 from the opposite side of the first illumination optical system 320 across the sample SA. As shown in
FIGS. 23 and 24, the first detection optical system 330 has, in order from the sample SA side, a first objective lens 332 and
animage-forming lens 336. The first objective lens 332 is provided on the opposite side of the condenser lens 327 across
the sample SA. Light from the sample SA in response to the irradiation with the first illumination light enters the first
objective lens 332. The light having transmitted through the first objective lens 332 enters the image-forming lens 336. The
light having transmitted through the image-forming lens 336 forms an image on a predetermined image surface | (see FIG.
22).

[0115] Afirst detector 340 is arranged on the image surface | of the first detection optical system 330. The first detector
340 is configured similarly to the first detector 40 according to the firstembodiment. The first detector 340 detects light from
the sample SA through the first detection optical system 330.

[0116] The second microscope part350 has, as shown in FIGS. 22 and 23, a light source unit 351, a second illumination
optical system 360, a second detection optical system 370, and a second detector 380. The light source unit 351 is also
called a "beam steering unit". The light source unit 351 has, as shown in FIG. 23, a second light source 352, afirstlens 353,
afirst galvano mirror 354, a second lens 355, a third lens 356, a second galvano mirror 357, and a fourth lens 358. The light
source unit 351 further has a detachable cylindrical lens (not shown) on an optical path between the first lens 353 and the
first galvano mirror 354.

[0117] Thesecondlightsource 352, thefirstlens 353, the firstgalvano mirror 354, the second lens 355, the third lens 356,
and the second galvano mirror 357 are configured similarly to the second light source 52, the first lens 53, the first galvano
mirror 54, the second lens 55, the third lens 56, and the second galvano mirror 57 according to the first embodiment. It
should be noted that the first galvano mirror 354 may change the direction of travel of the second illumination light so that
the light-gathering position for the second illumination light on the sample SA can be changed to the y direction. The second
galvano mirror 357 may change the direction of travel of the second illumination light so that the light-gathering position for
the second illumination light on the sample SA can be changed to the x direction.

[0118] The fourth lens 358 gathers the second illumination light reflected by the second galvano mirror 357 on a
predetermined middle image surface IM and causes it to enter the second illumination optical system 360. The position of
the predetermined middle image surface IM is a conjugated position to the focal position of the second objective lens 366 in
the sample SA. By changing the light-gathering position for the second illumination light on the sample SA with the first
galvano mirror 354, the second galvano mirror 357 and the stage drive part in the three-dimensional directions (three
directions of the x direction, the y direction, and the z direction), the sample SA can be three-dimensionally scanned.
[0119] Thesecond illumination optical system 360 directs a second illumination lightL2 emitted from the light source unit
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351 (second light source 352) toward the +z direction (the second direction orthogonal to the first direction) and gathers
lightto and irradiates the sample SA. As shown in FIGS. 22 and 23, the second illumination optical system 360 has, in order
from the light source unit 351 side, a mirror 361, a collimator lens 362 and an objective lens unit 366. The mirror 361 reflects
the second illumination light L2 emitted from the light source unit 351 (second light source 352) toward the collimator lens
362. The collimator lens 362 makes the second illumination light L2 reflected by the mirror 361 parallel.

[0120] The objective lens unit 366 has a plurality of illumination second objective lenses 367, alens holding part 368, and
aunitdrive part 369. The illumination second objective lens 367 is arranged facing to a lower side of the stage 2. The lens
holding part 368 holds the plurality of illumination second objective lenses 367 having different optical properties. The lens
holding part 368 is formed by using a revolver, turret or the like, for example. The unit drive part 369 may drive the lens
holding part 368 and select any one of the plurality of illumination second objective lenses 367 and place it under the stage
2. It should be noted that the unit drive part 369 may move the lens holding part 368 along the z axis. In this case, the
aforementioned stage drive part may be additionally used, or no stage drive may be used.

[0121] The illumination second objective lens 367 arranged under the stage 2 gathers the second illumination light L2
having transmitted through the collimator lens 362 to the sample SA. As also shown in FIG. 24, an optical axis AX2 between
the second illumination optical system 360 and the second detection optical system 370 in the second microscope part 350
is orthogonal to an optical axis AX1 between the first illumination optical system 320 and the first detection optical system
330 in the first microscope part 310.

[0122] The second detection optical system 370 receives light from the sample SA in response to the irradiation with the
second illumination light from the opposite side of the second illumination optical system 360 across the sample SA. The
second detection optical system 370 has a detection second objective lens 371, an aperture stop 372, a second
modulation element 373, a light-gathering lens 374, a mirror 376, and a relay lens 377 in order from the sample SA
side, as shown in FIGS. 22 and 23. The detection second objective lens 371 is provided on the opposite side of the
illumination second objective lens 367 across the sample SA. As the detection second objective lens 371, any one of a
plurality of the detection second objective lenses 371 having different optical properties may be selected and be arranged
above the stage 2. Light from the sample SA in response to the irradiation with the second illumination light enters the
detection second objective lens 371.

[0123] The aperture stop 372 and the second modulation element 373 is arranged on a conjugated surface to the
detection pupil of the detection second objective lens 371 in the second detection optical system 370 (on a surface
perpendicular to the optical axis of the second microscope part 350 (second detection optical system 370) at a conjugated
position P2A to the detection pupil). The second modulation element 373 is arranged neighboring to the aperture stop 372
(above the aperture stop 372 as shown in FIG. 23 by way of example). The second modulation element 373 is configured
similarly to the second modulation element 77 according to the first embodiment. The light-gathering lens 374 gathers light
having passed through the aperture stop 372 and the second modulation element 373. The mirror 376 reflects the light
having transmitted through the light-gathering lens 374 toward the relay lens 377. The relay lens 377 causes the light
reflected by the mirror 376 to enter the second detector 380.

[0124] The seconddetector 380 is arranged atthe conjugated position P2B to the detection pupil in the second detection
optical system 370. The second detector 380 is configured similarly to the second detector 80 according to the first
embodiment. The second detector 380 detects light from the sample SA through the second detection optical system 370.
[0125] According to the fourth embodiment, when bright-field observation is performed on the sample SA, the first
illumination light L1 emitted from the firstlight source 311 in the first microscope part 310 enters the collectorlens 321 in the
first illumination optical system 320. The first illumination light L1 having transmitted through the collector lens 321
becomes parallel light, passes through the aperture stop (not shown) and enters the relay lens 324. The first illumination
light L1 having transmitted through the relay lens 324 passes through the first modulation element 325 and the aperture
stop (not shown) and enters the condenser lens 327. The first illumination light L1 having transmitted through the
condenser lens 327 becomes parallel light and is irradiated to the sample SA on the stage 2. Thus, the first illumination
optical system 320 directs the first illumination light L1 emitted from the first light source 311 toward the +x direction (first
direction) and irradiates the sample SA.

[0126] The first detection light having transmitted through the sample SA from the first illumination optical system 320
side enters the first objective lens 332 in the first detection optical system 330. The first detection light having transmitted
through the first objective lens 332 enters the image-forming lens 336. The first detection light having transmitted through
the image-forming lens 336 forms animage on a predetermined image surface | where the first detector 340 is placed. The
first detector 340 detects the light (first detection light) from the sample SA through the first detection optical system 330
and outputs a detection signal for the light. The detection signal for the light (first detection light) output from the first
detector 340 is sent to the image processing part 91 through the control part 90.

[0127] Itshould be noted that, in a case where bright-field observation is performed on the sample SA, a cylindrical lens
(not shown) of the light source unit 351 in the second microscope part 350 is evacuated from the optical path between the
first lens 353 in the light source unit 351 and the first galvano mirror 354. The second illumination light emitted from the
second light source 352 in the light source unit 351 enters the first lens 353. The second illumination light having
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transmitted through the first lens 353 becomes parallel light and is reflected by the first galvano mirror 354. The second
illumination light reflected by the first galvano mirror 354 transmits through the second lens 355 and the third lens 356 and is
reflected by the second galvano mirror 357. The second illumination light reflected by the second galvano mirror 357
transmits through the fourth lens 358 and is emitted to an outside of the light source unit 351. Thus, the light source unit 351
emits the second illumination light.

[0128] The secondillumination lightL2 emitted from the light source unit 351 (second light source 352)is reflected by the
mirror 361 in the second illumination optical system 360 and enters the collimator lens 362. The second illumination light L2
having transmitted through the collimator lens 362 becomes parallel light and enters the illumination second objective lens
367. The second illumination lightL2 having transmitted through the illumination second objective lens 367 is gathered and
isirradiated to the sample SA on the stage 2. Thus, the second illumination optical system 360 directs a second illumination
light L2 emitted from the light source 351 (second light source 352) toward the +z direction (the second direction orthogonal
to the first direction) and gathers light to and irradiates the sample SA.

[0129] The second detection light having transmitted through the sample SA from the second illumination optical system
360 side enters the detection second objective lens 371 in the second detection optical system 370. The second detection
light having transmitted through the detection second objective lens 371 passes through the aperture stop 372 and the
second modulation element 373 and enters the light-gathering lens 374. The second detection light having transmitted
through the light-gathering lens 374 is reflected by the mirror 376 and enters the relay lens 377. The second detection light
having transmitted through the relay lens 377 enters the second detector 380. The second detector 380 detects the light
(second detection light) from the sample SA through the second detection optical system 370 and outputs a detection
signal for the light. The detection signal for the light (second detection light) output from the second detector 380 is sent to
the image processing part 91 through the control part 90.

[0130] Also, in a case where fluorescence observation is performed on the sample SA by the second microscope part
350, a cylindrical lens (not shown) of the light source unit 351 in the second microscope part 350 is inserted in the optical
path between the first lens 353 in the light source unit 351 and the first galvano mirror 354.

[0131] Theexcited ray emitted from the light source unit 351 (second light source 352) is reflected by the mirror 361 in the
second illumination optical system 360 and enters the collimator lens 362. The excited ray having transmitted through the
collimator lens 362 becomes parallel light and enters the illumination second objective lens 367. The excited ray having
transmitted through the illumination second objective lens 367 is gathered and is irradiated to the sample SA on the stage
2.

[0132] With the irradiation with the excited ray, a fluorescent material contained in the sample SA is excited, and
fluorescence exits. The fluorescence from the sample SA enters the first objective lens 332 of the first detection optical
system 330 in the first microscope part 310. The fluorescence having transmitted through the first objective lens 332 enters
theimage-forming lens 336. The fluorescence having transmitted through the image-forming lens 336 forms animageona
predetermined image surface | where the first detector 340 is placed. The first detector 340 detects the fluorescence from
the sample SA through the first detection optical system 330 and outputs a detection signal for the fluorescence. The
detection signal for the fluorescence output from the first detector 340 is sent to the image processing part 91 through the
control part 90.

[0133] According to the fourth embodiment, a three-dimensional refractive index distribution on the sample SA (for
example, image data on a three-dimensional refractive index distribution of the sample SA) can be generated in a manner
similar to the method for generating data on a refractive index according to the first embodiment. Therefore, according to
the fourth embodiment, the effect similar to that of the first embodiment can be achieved.

<Fifth Embodiment>

[0134] Next, withreferenceto FIG. 25, a microscope device 401 according to a fifth embodiment is described briefly. The
microscope device 401 according to the fifth embodiment has the common configuration in the principal part to the
microscope device 1 according to the first embodiment except for a second microscope part. Thus, like references are
given to like components between the first embodiment and the fifth embodiment, and detailed descriptions are omitted.
The microscope device 401 according to the fifth embodiment has a first microscope part 410 and a second microscope
part 450. The microscope device 401 according to the fifth embodiment further has a stage, a control part, and an image
processing part, which are not shown. The stage, the control part, and the image processing part are configured similarly to
the stage 2, the control part 90, and the image processing part 91 according to the first embodiment.

[0135] The first microscope part 410 has a first light source 11, a first illumination optical system 20, a first detection
optical system 30, and a first detector 40. The first light source 11, the first illumination optical system 20, the first detection
optical system 30, and the first detector 40 are configured similarly to the first embodiment. It should be noted that a first
modulation element 25 in the firstillumination optical system 20 is arranged at a position P1A of the illumination pupil. A first
detector 40 is arranged on a predetermined image surface | A.

[0136] The second microscope part 450 has a second light source 451, a second illumination optical system 460, a
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second detection optical system 470, and a second detector 480. The second light source 451 is configured similarly to the
first light source 311 according to the fourth embodiment. The second illumination optical system 460 is configured
similarly to the first illumination optical system 320 according to the fourth embodiment. It should be noted that the second
modulation element 465 in the second illumination optical system 460 is configured similarly to the first modulation element
325 according to the fourth embodiment and is arranged at a position P1B of the illumination pupil. The second detection
optical system 470 is configured similarly to the first detection optical system 330 according to the fourth embodiment. The
second detector 480 is configured similarly to the first detector 340 according to the fourth embodiment and is arranged on
a predetermined image surface IB.

[0137] According to the fifth embodiment, a three-dimensional refractive index distribution on the sample SA (for
example, image data on a three-dimensional refractive index distribution of the sample SA) can be generated in a manner
similar to the method for generating data on a refractive index according to the first embodiment. Therefore, according to
the fifth embodiment, the effect similar to that of the first embodiment can be achieved.

<Sixth Embodiment>

[0138] Next, with reference to FIG. 26, a microscope device 501 according to a sixth embodiment is described briefly.
The microscope device 501 according to the sixth embodiment has the common configuration in the principal part to the
microscope device 1 according to the first embodiment except for a first microscope part. Thus, like references are given to
like components between the first embodiment and the sixth embodiment, and detailed descriptions are omitted. The
microscope device 501 according to the sixth embodiment has a first microscope part 510 and a second microscope part
550. The microscope device 501 according to the sixth embodiment further has a stage, a control part, and an image
processing part, which are not shown. The stage, the control part, and the image processing part are configured similarly to
the stage 2, the control part 90, and the image processing part 91 according to the first embodiment.

[0139] The first microscope part 510 has a first light source unit 511 having a first light source 512, a first illumination
optical system 520, afirst detection optical system 530, and a first detector 540. The first light source unit 511 is configured
similarly to the second light source unit 351 according to the fourth embodiment. The firstillumination optical system 520 is
configured similarly to the second illumination optical system 360 according to the fourth embodiment. The first detection
optical system 530 is configured similarly to the second detection optical system 370 according to the fourth embodiment. It
should be noted that the first modulation element 533 in the first detection optical system 530 is configured similarly to the
second modulation element 373 according to the fourth embodiment and is arranged at a conjugated position P2A to the
detection pupil. The first detector 540 is configured similarly to the second detector 380 according to the fourth embodiment
and is arranged at a conjugated position P2B to the detection pupil.

[0140] The second microscope part 550 has a light source unit 51, a second illumination optical system 70, a second
detection optical system 75, and a second detector 80. The light source unit 51, the second illumination optical system 70,
the second detection optical system 75, and the second detector 80 are configured similarly to the first embodiment. It
should be noted that a second modulation element 77 in the second detection optical system 75 is arranged at a
conjugated position P2C to the detection pupil. The second detector 80 is also arranged at the conjugated position P2C to
the detection pupil.

[0141] According to the sixth embodiment, a three-dimensional refractive index distribution on the sample SA (for
example, image data on a three-dimensional refractive index distribution of the sample SA) can be generated in a manner
similar to the method for generating data on a refractive index according to the first embodiment. Therefore, according to
the sixth embodiment, the effect similar to that of the first embodiment can be achieved.

<Variation Examples>

[0142] Although the first detection optical system 30, 130, 230 in the first microscope part 10, 110, 210 according to the
aforementioned first to third embodiments is provided separately from the first illumination optical system 20, it is not
limited thereto and may include a part of the first illumination optical system. For example, as shown in FIG. 27, the first
microscope part 610 according to a variation example has a first light source 11, a first illumination optical system 620, a
first detection optical system 630, and a first detector 40. The first light source 11 and the first detector 40 are configured
similarly to the first embodiment.

[0143] Thefirstillumination optical system 620 has, in order from the first light source 11 side, a collector lens 621, a first
relay lens 622, a first modulation element 623, a second relay lens 624, a light-gathering lens 625, a half mirror 626, an
objective lens unit631, and anillumination mirror 628. It should be noted that, in a case where a white light source is used as
the first light source 11, an element (such as a bandpass filter, for example) that narrows the wavelength band of the first
illumination light may be provided like the first embodiment. The first modulation element 623 is arranged on a surface
perpendicular to an optical axis AX1 of the first illumination optical system 620 at a position P1 of the illumination pupil
between the first relay lens 622 and the second relay lens 624. The first modulation element 623 is configured similarly to
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the first modulation element 25 according to the first embodiment.

[0144] The half mirror 626 reflects a part of the firstillumination light from the first light source 11 toward the stage 2. The
half mirror 626 causes a part of light (first detection light) having transmitted through the sample SA on the stage 2 to
transmit through toward the image-forming lens 636 in the detection optical system 630. The ratio of the transmittance and
reflectivity of the half mirror 626 is setto 1:1, forexample. The objective lens unit 631 has a plurality of first objective lenses
632, alens holding part 633, and a unit drive part 634. The first objective lens 632 is arranged facing to a lower side of the
stage 2. The lens holding part 633 holds the plurality of first objective lenses 632 having different focal lengths. The lens
holding part 633 is formed by using a revolver, turret or the like, for example. The unit drive part 634 may drive the lens
holding part 633 and select any one of the plurality of first objective lenses 632 and place it under the stage 2. The
illumination mirror 628 is arranged facing to an upper side of the stage 2.

[0145] The first detection optical system 630 includes an objective lens unit 631 and a half mirror 626. The first detection
optical system 630 further has, in order from the half mirror 626 side, an image-forming lens 636 and a mirror 637. The
image-forming lens 636 and the mirror 637 are configured similarly to the image-forming lens 36 and the mirror 37
according to the first embodiment.

[0146] The firstillumination light emitted from the first light source 11 in the first microscope part 610 enters the collector
lens 621 in the firstillumination optical system 620. The first illumination light having transmitted through the collector lens
621 becomes parallel light and enters the first relay lens 622. The first illumination light having transmitted through the first
relay lens 622 enters the second relay lens 624 through the first modulation element 623. The first illumination light having
transmitted through the second relay lens 624 enters the half mirror 626 through the light-gathering lens 625. A part of the
firstillumination light having entered the half mirror 626 is reflected by the half mirror 626 and enters the first objective lens
632. The firstillumination light having transmitted through the first objective lens 632 transmits through the stage 2 and the
sample SA and is reflected by the illumination mirror 628. The firstillumination light reflected by the illumination mirror 628
is irradiated to the sample SA on the stage 2. Thus, the first illumination optical system 620 directs a first illumination light
emitted from the first light source 11 toward the -z direction and irradiates the sample SA.

[0147] The first detection light reflected by the illumination mirror 628 and having transmitted through the sample SA
enters the first objective lens 632 as the first detection optical system 630. The first detection light having transmitted
through the first objective lens 632 enters the half mirror 626. A part of the first detection light having entered the half mirror
626 transmits through the half mirror 626 and enters the image-forming lens 636. The first detection light having
transmitted through the image-forming lens 636 is reflected by the mirror 637 and forms an image on a predetermined
image surface | where the first detector 40 is placed. The first detector 40 detects the light (first detection light) from the
sample SA through the first detection optical system 630 and outputs a detection signal for the light.

[0148] Although, according to each of the aforementioned embodiments, the image processing part 91 acquires a three-
dimensional refractive index distribution on the sample SA based on a detection signal for light detected under one
detection condition relating to alight transmittance, the presentinvention is notlimited thereto. The data processing part 91
may acquire a three-dimensional refractive index distribution on the sample SA based on the detection signal for the light
detected under a plurality of detection conditions relating to a light transmittance. For example, the image processing part
91 acquires a linear sum or difference in POTF based on a detection signal for light detected under two detection conditions
in accordance with user’s settings or the like. Thus, an absolute value of a higher POTF can be acquired over a wide range
of a frequency band than the case based on a detection signal for light detected under one detection condition in
accordance with a user’s setting or the like. Thus, an image of a three-dimensional refractive index distribution on the
sample SA with both of a high contrast and a high resolution (resolving power) can be generated. It should be noted that the
image processing part 91 can employ Expression (10) and Expression (11) above including a POTF to calculate a three-
dimensional refractive index distribution n(x,y,z) on the sample SA.

[0149] For example, in the microscope devices according to the first to fourth embodiments, a first modulation element
having a light transmittance that changes in accordance with a linear function (one-direction-changing first modulation
element) in the example shown in FIG. 4 under a first detection condition is arranged at a position of the illumination pupil.
Under a second detection condition, a first modulation element having a light transmittance that changes in the opposite
direction (opposite-direction-changing first modulation element) of the one in the example shown in FIG. 4 (first detection
condition) in accordance with a linear function is arranged at a position of the illumination pupil. In this variation example, a
difference between the POTF based on the detection signal for light detected under the first detection condition and the
POTF based on the detection signal for light detected under the second detection condition is acquired. Thus, since the
value of the POTF under the first detection condition and the value of the POTF under the second detection condition have
the opposite signs from each other, the absolute value of the POTF increases although the width of the frequency band in
which the absolute value of the POTF is not equal to 0 does not change greatly. Therefore, an image of a three-dimensional
refractive index distribution on the sample SA with excellent contrast can be generated.

[0150] Although, according to each of the aforementioned embodiments, the first modulation element and the second
modulation element are illustrated by elements each formed by evaporating, to a parallel plate such as a glass substrate, a
filmthat allows the light transmittance to be reduced as an element having a light transmittance changing within a surface of
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the plate, the present invention is not limited thereto. For example, at least one of the first modulation element and the
second modulation element may be formed by a parallel plate such as a glass substrate having a fine dot pattern that
allows the light transmittance to be reduced (having a light-shielding property). In this case, the light transmittance can be
changed by forming the dot pattern such that coarseness and fineness are different on the parallel plate (glass substrate)
by using existing lithography process or the like (the transmittance is lower in a region with a fine dot pattern compared to
onein aregion with a coarse dot pattern). Atleast one of the first modulation element and the second modulation elementis
not limited to the optical element as described above and may be composed of a spatial light modulator (SLM) such as a
transmissive liquid crystal element, areflective liquid crystal element, and a digital mirror device (DMD). In a case where an
SLMis employed, the SLM is arranged at a position of a pupil (at least one of the illumination pupil and the detection pupil)
ora conjugated position to the pupil, like the optical elementin each of the aforementioned embodiments. Forexample,ina
case where a transmissive liquid crystal element is employed as the SLM, a desired distribution of light transmittance can
be set by controlling the transmittance of each pixel of the element. Also, in a case where aDMD is employed as the SLM, a
desired distribution of light transmittance can be set by controlling the angle of each mirror.

[0151] Itshould be notedthat, in a case where an optical element according to each of the aforementioned embodiments
(thatis, a plate having light permeability) is employed as the first modulation element, the control part 90 may control the
element selection part so as to switch to one of a plurality of the first modulation elements and arrange it at the position of the
illumination pupil so that the distribution of light transmittance within the surface of the illumination pupil is changed. In a
case where an optical element according to each of the aforementioned embodiments (that is, a plate having light
permeability) is employed as the second modulation element, the control part 90 may control the element selection part so
as to switch to one of the plurality of second modulation elements and arrange it at the conjugated position to the detection
pupil so that the distribution of light transmittance within the conjugated surface to the detection pupil is changed. In a case
where the SLM is employed as the first modulation element and the second modulation element, the control part 90
controls the SLMs so that the distribution of light transmittance within the surface of the pupil or within the conjugated
surface to the pupil is changed. Thus, since the distribution of light transmittance is changed by the control part 90,
providing a plurality of elements and/or element section parts is not required.

[0152] In each of the aforementioned embodiments, the "lens" such as the collector lens 21 is described as one lens in
each of the figures for convenience of illustration, but the present invention is not limited thereto. For example, the "lens"
such as the collectorlens 21 may be composed of a plurality of lenses and may be composed of a combination of alens and
an existing optical element other than a lens.

EXPLANATION OF NUMERALS AND CHARACTERS

[0153]
1: microscope device (first embodiment)
: stage
10: first microscope part
50: second microscope part
90: control part
91: image processing part (data processing part)

101:  microscope device (second embodiment)
110:  first microscope part

150:  second microscope part

201:  microscope device (third embodiment)
210: first microscope part

250:  second microscope part

301:  microscope device (fourth embodiment)
310: first microscope part

350: second microscope part

401:  microscope device (fifth embodiment)
410: first microscope part

450: second microscope part

501:  microscope device (sixth embodiment)
510: first microscope part

550: second microscope part
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1. A microscope device, comprising:

afirst microscope part thatirradiates a sample with a first illumination light toward a first direction and detects light
from the sample in response to the irradiation with the first illumination light;

asecond microscope part thatirradiates the sample with a second illumination light toward a second direction and
detects light from the sample in response to the irradiation with the second illumination light, the second direction
being different from the first direction; and

a data processing part that generates a three-dimensional refractive index distribution on the sample based on a
detection signalfor the light detected by the first microscope part and a detection signal for the light detected by the
second microscope part.

2. The microscope device according to claim 1, wherein:

the first microscope part has a first illumination optical system that irradiates the sample with the first illumination
light, a first detection optical system that receives light from the sample in response to the irradiation with the first
illumination light, and a first detector that detects light from the sample via the first detection optical system and
outputs a detection signal for the light;

the second microscope part has a second illumination optical system that irradiates the sample with the second
illumination light, a second detection optical system that receives light from the sample in response to the
irradiation with the second illumination light, and a second detector that detects light from the sample via the
second detection optical system and outputs a detection signal for the light; and

the data processing part generates a three-dimensional refractive index distribution on the sample based on the
detection signal for the light output from the first detector and the detection signal for the light output from the
second detector.

3. The microscope device according to claim 2, wherein:

the second direction is a direction orthogonal to the first direction; and
an optical axis between the second illumination optical system and the second detection optical system is
orthogonal to an optical axis between the first illumination optical system and the first detection optical system.

4. The microscope device according to claim 2 or 3, wherein:

the first microscope part has a first light source that is provided at a conjugated position to a pupil in the first
illumination optical system and emits the first illumination light, and the first illumination optical system irradiates
toward the first direction the sample with the first illumination light emitted from the first light source;

the second microscope part has a second light source that emits the second illumination light, and the second
illumination optical system gathers toward the second direction the second illumination light emitted from the
second light source and irradiates the sample;

the first illumination optical system has a first modulation element that is provided at a position of the pupil in the
first illumination optical system or a conjugated position to the pupil and that exhibits light transmittance that
changes within a surface of the pupil or within a conjugated surface to the pupil;

the first detector is provided at a conjugated position to the sample in the first detection optical system;

the second detection optical system has a second modulation element that is provided at a position of the pupil in
the second detection optical system or a conjugated position to the pupil and that exhibits light transmittance that
changes within a surface of the pupil or within a conjugated surface to the pupil; and

the second detector is provided at a conjugated position to the pupil in the second detection optical system.

5. The microscope device according to claim 4, wherein:

the first detection optical system has a first objective lens that receives light from the sample in response to the
irradiation with the first illumination light;

the second illumination optical system has an illumination second objective lens that gathers the second
illumination light emitted from the second light source; and

the second detection optical system has a detection second objective lens that is provided on the opposite side of
the illumination second objective lens across the sample and that receives light from the sample in response to the
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irradiation with the second illumination light.
6. The microscope device according to claim 4, wherein:

the first detection optical system has a first objective lens that receives light from the sample in response to the
irradiation with the first illumination light;
the second illumination optical system includes the first objective lens;

the objective lens gathers the second illumination light emitted from the second light source; and
the second illumination optical system has an illumination mirror that reflects toward the second direction the
second illumination light from the first objective lens.

7. The microscope device according to claim 6, wherein:
the second detection optical system has a detection second objective lens that is provided on the opposite side of the
illumination mirror across the sample and that receives light from the sample in response to the irradiation with the
second illumination light.

8. The microscope device according to claim 6, wherein:

the second detection optical system includes the first objective lens and has a detection mirror that is provided on
the opposite side of the illumination mirror across the sample and that reflects toward the first objective lens light
from the sample in response to the irradiation with the second illumination light; and

the first objective lens receives light from the sample in response to the irradiation with the second illumination
light via the detection mirror.

9. The microscope device according to claim 2 or 3, wherein:

the first microscope part has a first light source that is provided at a conjugated position to a pupil in the first
illumination optical system and emits light, and the first illumination optical system irradiates toward the first
direction the sample with the first illumination light emitted from the first light source;

the second microscope part has a second light source that is provided at a conjugated position to a pupil in the
second illumination optical system and emits light, and the second illumination optical system irradiates toward
the second direction the sample with the second illumination light emitted from the second light source;

the first illumination optical system has a first modulation element that is provided at a position of the pupil in the
first illumination optical system or a conjugated position to the pupil and that exhibits light transmittance that
changes within a surface of the pupil or within a conjugated surface to the pupil;

the first detector is provided at a conjugated position to the sample in the first detection optical system;

the second illumination optical system has a second modulation element that is provided at a position of the pupil
in the second illumination optical system or a conjugated position to the pupil and that exhibits light transmittance
that changes within a surface of the pupil or within a conjugated surface to the pupil; and

the second detector is provided at a conjugated position to the sample in the second detection optical system.

10. The microscope device according to claim 2 or 3, wherein:

the first microscope part has a first light source that emits light, and the first illumination optical system gathers
toward the first direction the first illumination light emitted from the first light source and irradiates the sample;
the second microscope part has a second light source that emits light, and the second illumination optical system
gathers toward the second direction the second illumination light emitted from the second light source and
irradiates the sample;

the first detection optical system has a first modulation element that is provided at a position of the pupil in the first
detection optical system or a conjugated position to the pupil and that exhibits light transmittance that changes
within a surface of the pupil or within a conjugated surface to the pupil; and

the first detector is provided at a conjugated position to the pupil in the first detection optical system;

the second detection optical system has a second modulation element that is provided at a position of the pupil in
the second detection optical system or a conjugated position to the pupil and that exhibits light transmittance that
changes within a surface of the pupil or within a conjugated surface to the pupil; and

the second detector is provided at a conjugated position to the pupil in the second detection optical system.
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The microscope device according to any one of claims 4 to 10, wherein:

the light transmittance of at least one of the first modulation element and the second modulation element changes
along one direction within a surface of the pupil or within a conjugated surface to the pupil in accordance with a
continuous function.

The microscope device according to claim 11, wherein:

the light transmittance of at least one of the first modulation element and the second modulation element mono-
tonously increases or decreases along one direction within a surface of the pupil or within a conjugated surface to the
pupil in accordance with the continuous function, and is equal to zero in a part of an outer circumference within the
surface of the pupil or within the conjugated surface to the pupil.

The microscope device according to claim 12, wherein:
the continuous function is any function of a linear function, a quadratic function, a Gaussian function, a sine functionin
a range less than one cycle, and a cosine function in a range less than one cycle.

The microscope device according to any one of claims 11 to 13, wherein:

the first modulation element includes a plurality of first modulation elements having different distributions of light
transmittance; and

the microscope device comprises a switching control part that performs control so as to switch to any one of the
plurality of first modulation elements to be arranged within the surface of the pupil or within the conjugated surface
to the pupil.

The microscope device according to any one of claims 11 to 14, wherein:

the second modulation element includes a plurality of second modulation elements having different distributions
of light transmittance; and

the microscope device comprises a switching control part that performs control so as to switch to any one of the
plurality of second modulation elements to be arranged within the surface of the pupil or within the conjugated
surface to the pupil.

The microscope device according to any one of claims 11 to 15, wherein:

at least one of the first modulation element and the second modulation element is a plate that has translucency
and has a light transmittance changing in accordance with the continuous function;

the plate has a dot pattern allowing to reduce the light transmittance; and

depending on coarseness and fineness of the dot pattern, the light transmittance of the plate changes in
accordance with the continuous function.

The microscope device according to any one of claims 11 to 15, wherein:

atleast one of the first modulation element and the second modulation element is a spatial light modulator that can
change the distribution of the light transmittance changing in accordance with the continuous function;

the spatial light modulator includes a transmissive liquid crystal element, reflective liquid crystal element, or a
digital mirror device; and

the microscope device comprises a modulator control part that performs control so as to cause the spatial light
modulator to change the distribution of the light transmittance.

The microscope device according to any one of claims 4 to 9, wherein:

the first modulation element includes a one-direction-changing first modulation element that changes a light
transmittance along one direction within a surface of the pupil or a conjugated surface to the pupil in the first
illumination optical system in accordance with a continuous function and an opposite-direction-changing first
modulation element that changes a light transmittance along the opposite direction to the one direction within the
surface of the pupil or the conjugated surface to the pupil in the first illumination optical system in accordance with
a continuous function and can switch to the one-direction-changing first modulation element or the opposite-
direction-changing first modulation element to be arranged within a surface of a pupil or within a conjugated
surface to the pupil in the first illumination optical system; and
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EP 4 546 028 A1

the data processing part generates a three-dimensional refractive index distribution on the sample based on a
detection signal for light output from the first detector in a state where the one-direction-changing first modulation
element is arranged within a surface of a pupil or within a conjugated surface to the pupil in the first illumination
optical system and a detection signal for light output from the first detector in a state where the opposite-direction-
changing firstmodulation elementis arranged within the surface of the pupil or within the conjugated surface to the
pupil in the first illumination optical system.

19. The microscope device according to any one of claims 2 to 18, wherein:

the first detector detects light from a plurality of detection positions that are different in position in an optical axis
direction in the sample and outputs a detection signal for the light; and

the data processing part generates a three-dimensional refractive index distribution on the sample based on the
detection signal for the light from the plurality of detection positions, the detection signal being output from the first
detector.

20. A data generation method, comprising:

irradiating a sample with a first illumination light toward a first direction and detecting light from the sample in
response to the irradiation with the first illumination light;

irradiating the sample with a second illumination light toward a second direction and detecting light from the
sample in response to the irradiation with the second illumination light, the second direction being different from
the first direction; and

generating a three-dimensional refractive index distribution on the sample based on a detection signal for light
from the sample in response to the irradiation with the firstillumination light and a detection signal for light from the
sample in response to the irradiation with the second illumination light.

21. The data generation method according to claim 20, comprising:

irradiating the sample with the first illumination light by using a first illumination optical system;

receiving light from the sample in response to the irradiation with the firstillumination light by using a first detection
optical system;

detecting light from the sample through the first detection optical system and outputting a detection signal for the
light by using a first detector;

irradiating the sample with the second illumination light by using a second illumination optical system;
receiving light from the sample in response to the irradiation with the second illumination light by using a second
detection optical system;

detecting light from the sample through the second detection optical system and outputting a detection signal for
the light by using a second detector; and

generating a three-dimensional refractive index distribution on the sample based on the detection signal for the
light output from the first detector and the detection signal for the light output from the second detector.

22. The data generation method according to claim 21, wherein:

the second direction is a direction orthogonal to the first direction; and
an optical axis between the second illumination optical system and the second detection optical system is
orthogonal to an optical axis between the first illumination optical system and the first detection optical system.
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